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Chapter 1

Introduction to quantum simulation

Quantum simulators are special experimental platforms that are capable of re-
producing a Hamiltonian, or a class of Hamiltonians that describe a particular
physical system, in a controllable apparatus. Such devices offer the possibility
to simulate in synthetic systems many-body physics problems that can be often
very difficult to solve exactly and for which only approximate solutions, if any,
exist. Difficulties arise in particular when systems composed of many interacting
quantum objects are considered and a prediction of the evolution of the system
based on microscopical properties is almost impossible. Since the dimensional-
ity of the Hilbert space describing a many-body system increases exponentially
as a function of the number of quantum objects, a simulation of the evolution
of the system shows non-manageable computational complexity. The problem
can be tackled using a quantum simulator where the desired problem is mapped
onto. This realizes the idea of R. Feynman of a quantum simulator [1], a quantum
system that is used to simulate the evolution of another physical system. The ad-
vantage of synthetic simulators is that they offer a high degree of control of the
experimental parameters which is not accessible in a real system, paving the way
to a more complete study of phenomena of interest. In this context, plenty of
different platforms showed up in the past decades [2, 3].

Among these platforms, two quantum simulators were particularly success-
ful in the last years: degenerate quantum gases in optical lattices [4, 5] and
trapped ions [6, 7]. Degenerate quantum gases trapped in optical lattices con-
stitute a very suitable platform for the study of many-body systems. Typically,
samples composed of up to a few million atoms can be prepared and manip-
ulated. The advantage of this kind of platform is indeed its scalability on the
number of particles which allows for the investigation of many-body interacting
systems and collective properties, and for the study of the behaviour of quantum
matter under extreme quantum degeneracy regimes, that are described by the
Bose-Einstein and Fermi-Dirac statistics. Moreover, fully optical techniques can
be exploited for trapping the atoms, thus resulting in a high manageability of the
atomic sample. On the other hand, the control of single atoms is very challenging
and the experimental cycle to produce a degenerate gas typically requires tens of
seconds. Many fundamental results were achieved on degenerate quantum gases
machines in the last years, ranging from the superfluid to Mott insulator trans-
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2 CHAPTER 1. INTRODUCTION TO QUANTUM SIMULATION

ition [8] and Anderson localization [9] to fermionic superfluid pairing [10].

Platforms based on arrays of trapped ions, instead, offer great control on a
single atom’s degrees of freedom and fast experimental cycles (typically below
one second), which allow for a larger statistics, but are difficult to scale up above
a few tens of particles due to the strong Coulomb interaction between the elec-
trically charged ions. Some of the most important results obtained exploiting
this kind of platform falls in the range of simulation of spin models [11] and the
implementation of qubit systems [12].

More recently, a new kind of platform has been introduced, which benefits
from most of the advantages of the previously cited schemes, while minimizing
some of their weaknesses. This platform consists in arrays of individual neutral
atoms trapped in micron-scale optical traps, called optical tweezers, obtained by
tightly focusing individual laser beams through a high-resolution microscope.
This approach combines the high degree of quantum control and the fast ex-
perimental cycles of trapped ion arrays with the versatility of a fully optical
trapping technique, which allows the number of particles to be upscaled more
easily than in the case of trapped ions, up to hundreds of particles. With the
adoption of opportune atom-sorting methods, it is possible to realize defect-free
atomic arrays with zero configurational entropy and arbitrary geometries, allow-
ing for the implementation of quantum simulators with different topologies, that
can be probed via high-fidelity imaging with single-atom resolution performed
through the same high-resolution objective used to generate the optical tweezers.
The realization of such optical trapping potentials requires the use of peculiar
devices, the acousto-optic deflectors (AODs). Such devices, driven by a RF sig-
nal, can deflect an incoming beam at different angles whose values depend on
the frequency components of the RF signal. AODs are very flexible devices that
can be exploited both for the direct generation of an array of optical tweezers,
and also for the rearrangement of the arrays generated by exploiting different
devices, for example a spatial light modulator (SLM).

In this thesis I develop and characterize the techniques for generating and ma-
nipulating an array of optical tweezers employing a pair of AODs, in the context
of the realization of a quantum simulation platform based on Rydberg Strontium
atoms trapped in optical tweezers arrays. In particular, in chapter 2 I introduce
some important concepts underlying the experimental platform. Among these
concepts, a few different techniques that allow for the generation of reconfig-
urable arrays of neutral atoms with arbitrary geometry are developed. Then, I
will introduce some important notions regarding Rydberg atoms and their prop-
erties, and the employment of Strontium atoms, pointing out the advantages of
implementing them in the experiments. The first part of chapter 3 is dedicated
to the discussion of the light-matter interaction theory, with particular attention
to the optical dipole potential. In the second part of chapter 3 the effect of a
time-dependent optical dipole potential over a Strontium atom is simulated. Two
kinds of simulations are considered in these sections. The first one allows us to
investigate the heating of an atom that is transported from one position in the ar-
ray to a different one. This simulation fits into the context of the rearrangement
procedures that allow for the creation of a defect-free array of optical tweezers.



Next, I analyze a trapping technique based on the time-averaging of the dipole
potential over all the sites of the array. The effect of this time-dependent po-
tential onto a trapped atom is investigated through a set of simulations too. In
chapter 4 a full characterization of AOD’s features is reported. In particular,
both the static and the dynamic properties of the AODs are explored, regarding
in particular the diffraction efficiency and the time-scales typical of the AODs
dynamics. To conclude, chapter 5 is dedicated to the realization of optical tweez-
ers pattern exploiting a pair of crossed AODs and a microscope objective. The
tweezers patterns presented are obtained both using the pair of AODs in a static
way and implementing the time-averaged technique. In this context I present a
few patterns of optical tweezers realized exploiting both a static configuration of
the AODs and the time-averaged one. Finally, transient effects that rise up as a
consequence of the time-averaged potential are analyzed and characterized.



CHAPTER 1. INTRODUCTION TO QUANTUM SIMULATION



Chapter 2

Atom-by-atom assembler of
many-body systems with Strontium
atoms

In recent years a new promising platform is emerging in the landscape of of
quantum simulation. This platform is based on tightly focused laser beams,
called optical tweezers, that are used to trap individual neutral atoms of a laser
cooled sample. By exploiting opportune techniques that will be described in this
chapter, in this platform it is possible to manipulate and move the tweezers and
the atoms trapped within them in such a way to create ordered, defect-free arrays
of individual atoms with arbitrary geometry, thus allowing for an atom by atom
assembly of a quantum system.

Single neutral atoms trapped in arrays of optical tweezers represent a middle
ground between well established quantum simulation platforms like degenerate
quantum gases and trapped ions platforms, combining desirable features of these
platforms while minimizing some of their weaknesses. Degenerate quantum
gases can employ hundreds of thousands of quantum neutral objects, thus al-
lowing for a high accuracy of the measurements: the standard quantum limit on
measurement accuracy, valid for non-entangled systems, scales as 1/VN, where
N is the number of atoms in this case. Moreover, many well known techniques
can be carried out to manipulate ensembles of neutral atoms. In ion-based plat-
forms, instead, the control and trapping of charged ions is a much harder task,
and typically only a few tens of atoms at most can be trapped simultaneously. On
the other hand, in this platforms the distance between individual ions is large
enough to allow for single atom detection, which is instead typically not pos-
sible in quantum simulators based on degenerate gases, with the exception of
extremely complex quantum gas microscopes. These two platforms also differ
for another fundamental feature, that is the typical duty cycle: while degenerate
quantum gases need a long process of cooling in order to trap the atoms, result-
ing in duty cycles of tens of seconds, experiments with trapped ions are typically
realized in less than one second.

The platform based on neutral atoms trapped in optical tweezers combines
qualities of these two architectures. On the one hand, it provides for the single-
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6 CHAPTER 2. ATOM-BY-ATOM ASSEMBLER OF MANY-BODY SYSTEMS

atom resolution and the fast duty cycle typical of ion-based platforms. On the
other hand, it offers the possibility to scale the number of atoms up to mesoscopic
scales, above 100 atoms, and the neutral atoms optical trapping techniques can
be leveraged to obtain completely arbitrary atomic configurations.

The first step in the realization of an optical tweezers platform is the develop-
ment of the optical trapping system. In this thesis I will characterize and develop
techniques based on Acousto-Optic Deflectors (AODs) for the generation of op-
tical tweezers. Acousto-optic deflectors are very flexible devices that can be used
both for generating directly arrays of optical tweezers, both in combination with
other devices such as Spatial Light Modulators (SLMs) to produce arbitrary and
complex pattern geometries for the array.

2.1 Generation of optical tweezers array

In this section the use of two kind of devices for the creation of arrays of optical
tweezers, namely Spatial Light Modulators (SLMs) and Acousto Optic Deflect-
ors (AODs), is discussed. As mentioned above, an optical tweezer is an optical
dipole trap that is tightly focused, on a lengthscale of around 1 ym, by a high nu-
merical aperture (NA) objective. Thanks to light-assisted collisions that rapidly
expel pairs of atoms, it’s possible to trap in the optical tweezer at most one single
atom, thus making the tweezer a perfect tool to control and address single atoms
[13, 14]. Pair losses are the consequence of the interaction of a pair of atoms
trapped in the optical dipole potential with a properly detuned laser beam. This
collisional blockade mechanism results in either zero or one atom loaded in an
optical tweezer, with probability p ~ 0.5. The light-matter interaction describing
the trapping technique is presented in the next chapter, in section 3.1.

The idea of trapping individual atoms can be extended to several optical
tweezers, that can be assembled together to form an array of OTs. The assembly of
several optical tweezers can be accomplished making use of mainly two devices
to arrange the tweezers to form complex patterns, the above mentioned AODs
and SLMs [15, 16]. Although these devices exploit completely different techno-
logies, they can both produce multiple beams, that will then be focused to create
multiple OTs, starting from one single laser beam. Arrays of hundreds of tweez-
ers, and so hundreds of atoms, were recently realized by means of these two
techniques [17, 18], as showed in figure 2.1.

Acousto optic deflectors are devices that use the acousto-optic effect to deflect
a laser beam. Like acousto optic modulators (AOMs), AODs are composed of a
piezoelectric transducer, that is guided by a RF signal, and a crystal that vibrates
under the effect of the transducer. A more precise description of the acousto optic
devices’ apparatus can be found in chapter 4. The difference between AODs and
AOMs is that the first are more suitable for the deflection of multiple beams at
different angles. An AOD working with multiple frequency components produce
a 1D array of deflected beams that, once projected by a high numerical aperture
objective, form an array of optical traps in which atoms are trapped individually.
Two dimensional arrays can be achieved by considering a pair of AODs oriented
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Figure 2.1: Experimental realization of a 34x30 array and sample image of a random
loading. Each spot is the imaging fluorescence of one single atom. Image taken from
[17].

perpendicularly, as shown in figure 2.2.

This simple scheme for the realization of a 2D array presents anyway some
limitations, because it can only provide square or rectangular arrays. In fact, the
presence of a perpendicular AOD can only copy the linear 1D patter in multiple
lines/columns but is constrained by the pattern of the first 1D array. Neverthe-
less, more complex experimental schemes can be implemented to produce arbit-
rary geometry patterns both in a static and in a dynamic way. The static scheme
makes use of SLMs, while the dynamic creation of arrays showing arbitrary geo-
metry relies on a time-averaged potential technique that can be carried out by
means of the AODs alone.

SLMs are based on liquid crystals, a completely different technology with re-
spect to AODs. These devices work with holographic techniques and imprint a
phase pattern on the input beam that hits the SLM’s screen in order to obtain a
certain spatial pattern in the conjugate plane. Liquid crystals are oriented with
electric fields and behave as a diffraction grating for the light beam. According
to the phase pattern imprinted on the screen of the device, the beam is deflected
and the desired spatial pattern is reproduced onto the Fourier plane conjugated
with the plane of the screen. SLMs allow for the realization of any kind of static
pattern geometry. Moreover, these devices produce, in general, a higher number
of spots, and so OTs, with respect to the AODs scheme.

A second way of producing an array of optical tweezers arranged in a pattern
of arbitrary geometry relies on a time-averaged potential technique. This tech-
nique is currently used in many fields and applications but its implementation
for the creation of array of optical tweezers is still under investigation. During
my thesis work I carried out measurements and characterizations to study the
feasibility of employing two crossed AODs to generate time-averaged optical po-
tentials consisting in arbitrary patterns of OTs, which are shown in chapter 5.
The basic idea of this technique consists in using one single deflected beam at
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Figure 2.2: Creation of a 2D pattern using crossed AODs. Image taken from [19]

once and making it jump periodically over all the positions that we want to in-
clude in our array. During one cycle the beam spends a fraction of the period over
each position. If one atom is initially trapped in one of these sites, it will feel a
trapping potential as long as the deflected beam stays onto that site, while it falls
down under the effect of gravity during the rest of the period. To trap the atoms
with high fidelity, each atom has to be recaptured before it falls out of the action
range of the optical tweezer trap, so the rate at which the potential is switched
must be very high. In section 3.2 we characterize the optimal frequency for the
switching. The methods described above satisfy only one of the two conditions
that a good array of optical tweezers should have, that is the possibility of cre-
ating an arbitrary pattern both in one and two dimensions. Because of the light
assisted collisions mentioned above, that produce the loss of pairs of atoms when
they occupy the same site, an optical tweezer can be loaded with either zero or
one atom. Typically, the probability of loading one atom per tweezer is p ~ 0.5.
This means that in every experimental cycle the stochastical loading of the atoms
in the array will populate approximately the 50% of the sites. Hence, generating
an arbitrary geometry array is not sufficient, and a feedback system that allows
for the rearrangement of the atoms is necessary to prepare the ensemble of atoms
in the array in the desired configuration.
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Figure 2.3: Realization of OT arrays by means of AODs and SLMs.

2.1.1 Rearrangement and feedback

The probability of having a defect free array made of N single atoms each trapped
in one OT of the array is Pg¢ = p~, where p is the single-site loading probability.
Since p is less than 1, the chance of obtaining a defect free array is much less than
1 and it becomes smaller and smaller at increasing number of particles. In other
words, even if it were possible to engineer light-assisted collisions that guarantee
a single tweezer loading probability p ~ 1, the power scaling with the number of
sites would still give the probability to obtain a defect free array much less than
1.

Thanks to AODs it is possible to overcome this issue and rearrange the pattern
of the atoms in the array. In most of the rearrangement protocols used in current
experiments a camera captures an image of a randomly loaded array at a certain
time. A computer elaborates the image determining which sites are loaded and
which are not and calculate a sequence of moves to perform in order to create a
defect-free array. After every sequence of moves the camera takes a new picture
to observe if the moves were successful.

AODs represent the crucial tool for the rearrangement protocols. For 1D ar-
rays (apparatus in figure 2.3a) the same AOD that creates the original pattern
can perform the rearrangement too, as shown in figure 2.4a. An array initially
composed of tens of randomly loaded tweezers is imaged by a camera and the
image is processed by a computer to determine which sites are empty. The fre-
quency components corresponding to these spots can be switched off and the
remaining loaded tweezers are rearranged in a desired position. To move the
loaded tweezers towards a desired position (for example in order to have equally
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(a) Defect free 1D array rearranged using one AOD. Image taken from [15]
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(b) Defect free 2D arrays rearranged using a couple of crossed AODs.
Image adapted from [16]

Figure 2.4: Rearrangement of arrays of optical tweezers in arbitrary patterns.



2.1. GENERATION OF OPTICAL TWEEZERS ARRAY 11

® ® @o— O+ ® L
e O O 29 O O O

Figure 2.5: Example of a time-average trapping and reconfiguration of the array.

spaced tweezers) it is sufficient to sweep slowly the corresponding RF frequency
components up to the final desired value.

The rearrangement in the 2D case is more complex: the array is typically gen-
erated by means of a SLM, and a pair of crossed AODs is used to generate a single
tweezer that can be moved across the array by changing the RF frequencies driv-
ing the devices and can perform the rearrangement. An example of such appar-
atus is the one in figure 2.3b, where a moving tweezer generated by the AODs is
superimposed to the static pattern produced by a SLM. The single tweezer pro-
duced by the AODs is deeper and picks up one atom from the static tweezer to
move it towards a target tweezer. There, the depth of the moving tweezer is de-
creased to release the atom. A sequence of tens of such moves can produce the
arbitrary patterns presented in figure 2.4b, starting from the randomly loaded
configurations that are shown above.

In this context, the time-averaged technique can prove useful for the rearrange-
ment too. The deflected beam in this case is just one, so the operations on each
tweezers are all decoupled. To perform rearrangement of the pattern, the total
shift of the tweezer positions have to be decomposed in infinitesimal moves per-
formed every time that the tweezer passes through each site of the array that
requires to be moved. The translation of the atoms must be quasi adiabatic in
such a way that the atom has enough time to adapt its position and follow the
moving potential without getting lost. Figure 2.5 contains a pictorial representa-
tion of the time-averaged rearranging. A randomly loaded array with probability
for each tweezer of p ~ 0.5 is imaged by the camera. The goal is to obtain a fully
ordered cluster, for example the square at the top left that misses just one atom.
Since the time-averaged deflected beam passes through all the sites, it is conveni-
ent to drop the unnecessary atoms. The missing atom is transported to the target
site of the array via a series of gradual moves, performed in several periods in
such a way that each move changes slightly the position of the atom.

The typical timescale that come out in the context of the rearrangement is the
time over which the atom is moved from a starting site to the target one: the mo-
tion should be done in such a way to minimize the chances that the atom escapes
the tweezer because of heating. In chapter 3 the optimal parameters for the mo-
tion equation of the tweezer are investigated. In the case of time-averaged arrays,
another relevant timescale is the period over which a single deflected beam is
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averaged over all the sites of the desired array. Simulations in chapter 3 will help
the discussion of the optimal parameters for such dynamic potential.

Finally, an additional feature that the array of tweezers should comply is the
uniformity of the trap depths over all the sites. Inhomogeneities across the array
result in non-uniform trapping parameters, hence every atom has different trap-
ping frequencies instead of having all the same one. In experimental realizations,
especially for array generated through AODs, the initial array is not uniform as
we will point out in the characterization in chapter 4. Several techniques have
been developed to overcome the non uniformity, both for 1D and 2D arrays.

2.2 Rydberg atoms in optical tweezer arrays

The problem of how to build arrays of optical tweezers has been introduced so
far. There are many ways of exploiting the optical tweezers array platform to
study different physical problems, that differ for the kind of manipulation, the
kind of quantum object analyzed and the physical properties observed. To cite
just a few, it is possible to trap molecules in arrays of optical tweezers [20], imple-
ment quantum metrological systems producing arrays of atomic clocks [21] and
the study of mesoscopic fermionic model systems, based on spin-exchange inter-
actions between different orbitals [22]. Moreover, Rydberg excitation of neutral
atoms can be exploited to produce strong dipole-dipole couplings [23].

In our platform we will leverage the Rydberg excitation for the simulation
of quantum spin models, like Ising models or planar XY models. Moreover,
the strong coupling will allow for the creation of multi particle entangled states
that are fundamental in many fields of quantum science and technology, from
quantum simulation of spin systems to digital quantum operation on quantum
gates registers.

A Rydberg atom is an atom in which one core electron is excited to a high prin-
cipal quantum number (1) energetic level. One possible scheme for obtaining a
Rydberg atom relies on the excitation of the core electron via a laser coupling.
If the atom considered is a neutral atom, it has no net charge and does not in-
teract via Coulomb interaction. Nevertheless, in the Rydberg excitation regime
the atom acquires a very large induced electric dipole moment. Many important
properties of a Rydberg atom differ from those of a ground state atom, because
they depend on the principal quantum number n. In table 2.1 we see for ex-

Properties of Rydberg states

Property n-scaling Value for 80S;,, of Rb
Binding energy E, n-? -500 GHz
Level spacing E,,,; —E, n-3 13 GHz
Size of the wavefunction (r) n? 500 nm
Lifetime 7 n’ 200 ps
van der Waals coefficient Cg ntl 4 THz-pm®

Table 2.1: Scaling depending on the principal quantum number of some important
atomic properties.
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Figure 2.6: Simulated wavefunction for the 80S;,, level

ample that the size of the wavefunction scales up as the square of n and can reach
dimensions of a few ym. Figure 2.6 shows the simulation of the spatial wavefunc-
tion of a Rubidium Rydberg atom in the 80S;,, state, which has an extension of
the order of 1 ym. This aspect is fundamental for generating interaction between
the atoms in the array of optical tweezers. Neutral ground state atoms do not
interact via Coulomb interaction, since they have no net charge, but they can
interact via van der Waals or dipole-dipole couplings. Anyway, the spatial ex-
tension of a ground state wavefunction, on the lengthscale of the Borh radius ay,
is so small that a couple of ground state atoms interact via contact interaction
only. Since in optical tweezers each site is loaded with one atom, ground state
atoms are not interacting at all in the array. In the Rydberg regime the spread
of the wavefunction is instead 10* times higher and there is a non-zero overlap
between neighbouring atoms in the array, that are typically separated by 5-10
pum. The atoms interact via strong induced dipole-dipole interaction. The inter-
action between a couple of atoms both excited to the same Rydberg level can be
huge, as a consequence of the scaling of the van der Waals coefficient with the
eleventh power of n, as pointed out in table 2.1. Actually, the van der Waals in-
teraction is not the only regime in which atoms can interconnect, since they can
also show dipolar interaction. These two interaction regimes differ on whether
both the atoms are excited to the same Rydberg level or not. As shown in the next
lines, dipolar and van der Waals interaction regimes have different scaling on the
principal quantum number n and on the spatial separation R. Anyway, both the
interaction regimes produce strongly interacting couples or ensembles of atoms.

Suppose that one core electron of the first atom is excited to the Rydberg state
In,S), where the labels n and s stand for the principal quantum number and the
angular momentum of the target level. The second atom could be excited to the
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same Rydberg level, but also to a different one |n,P) (we assume that the Rydberg
levels differ just for the projection of the angular momentum, in such a way that
the energy of |n,P) is the closest possible to that of |n,S) level. If the two atoms
are separated at distance R, the interaction Hamiltonian describing the couple is
an electric dipole-dipole interaction operator:

N d,d,

~— 2.1
44~ T R3 (2.1)

The simplest case is that of two atoms excited to the same level, for example |n,S).
The first order energy correction in perturbation theory, given by the expecta-
tion value of the Hamiltonian in equation (2.1) between the states |n,S), is zero
because of parity. The first energy contribution is then of second order, where
the interaction Hamiltonian connects the state of the couple of atoms |n,S,n,S)
to other pair states that have different parity. The second order correction is
given by the sum over all the possible final states, but the main contribution
comes from the closest energy level (the one with same n but different angular
momentum, for example P states). The resulting energy shift is proportional to
V2/A, where A is the detuning from the target level, and V is the matrix ele-
ment V oc d;d,/R3. On the other hand, two atoms excited to different Rydberg
states, for instance |n,S) and |n,P) which differ only in the angular momentum
quantum number so that there is still a sizeable overlap of the two wavefunc-
tions, have nonzero expectation value at the first order in perturbation theory.
In this context, the pair state |n,S,n,P) is directly coupled via a spin "flip-flop”
to the complementary pair state |n,P,n,S). The energy correction in this case is
proportional to V oc d;d,/R5.

The n-scaling of the interaction coefficients can now be understood. Since
the electric dipoles matrix elements scale as d ~n? and the separation between
next levels as A ~n3 (see table 2.1), the energy correction for the van der Waals
interaction and for the electric dipole interaction scale respectively as:

d4 1 nll
d? n*
AEdipolar o R3 < R3 (2.3)

The coupling can be extremely strong, especially the van der Waals interaction
that can reach tens of MHz even for atomic separation of several micrometers
[23].

Another important property of Rydberg atoms is that they can have quite long
lifetimes, since the lifetime scales as n” too, as pointed out in table 2.1. To un-
derstand why lifetime of Rydberg states is large I recall the expression for the
spontaneous emission rate:

Y~ &l (2.4)

where w is the frequency separation between the initial and final states regarding
the spontaneous emission and u = (r|f|t) is the expectation value of the position
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Figure 2.7: Rydberg blockade mechanism. Image adapted from [23]

operator between the Rydberg and a target eigenstates. In case of decay from
the initial Rydberg state to another Rydberg state, the energy separation A is
very small since it goes as n~3, and the same does the frequency separation w.
The principal contribution to the scattering rate will then be the spontaneous
emission towards the ground state, for which w is large. In this case, however,
the expectation value between Rydberg and ground states y = (r|f|g) is small be-
cause the overlap between the wavefunctions is very little. The result is that the
scattering rate for spontaneous emission from the Rydberg state is moderately
small, hence its reciprocal, the lifetime of the level, is quite large and consistent
with the scaling as n® showed in the table 2.1. The typical lifetime for an electron
in a Rydberg state can reach hundreds of microseconds, a time long enough to
observe the dynamics guided by interaction whose coupling is on the MHz scale,
thus corresponding to 1 ys dynamics timescale.

Rydberg blockade

One of the straightforward consequences of the strong interaction between neigh-
bouring atoms in the array of optical tweezers is the so-called Rydberg blockade
mechanism. This is a conditional-logic effect that basically prevents the excita-
tion of one atom to a Rydberg state if this is in the vicinity of an already present
Rydberg atom. For a better understanding of the problem, figure 2.7 shows a
2D square array randomly loaded with atoms. Neglecting the presence of all the
other states, we consider the atom as a two level system, that are coupled by a
laser beam. The two levels are the ground |g) and the Rydberg |r), and the Rabi
frequency that indicate the strength of the coupling is labelled as (). Consider
two atoms loaded randomly in the square array depicted in the right side of fig-
ure 2.7, characterized by a lattice spacing a. The couple of atoms approximated
to a two level systems have four possible pair states: |gg), |rr), [rg) and |gr), where
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the last two are degenerate. While the |gg) state is almost non interacting, the |rr)
state can be strongly interacting via van der Waals coupling which depends on
the spatial separation. The second order energy correction associated to the van
der Waals interaction can be strong enough to give a non-negligible energy shift
(suppose that it is a positive energy shift) that takes the |rr) level out of the res-
onance of the laser coupling resonant with the unperturbed Rydberg transition
of a single atom, if the atoms are close enough. A transition whose frequency is
out of the finite bandwidth of the excitation laser is prevented. In the case of the
Rydberg excitation, the energy of the pair of atoms ends up out of the bandwidth
of the laser providing for the double excitation, making the transition to the |rr)
state blockaded. This effect depends on the interatomic distance R, as represen-
ted in the central plot of the figure 2.7. In this plot the distance below which the
van der Waals energy shift becomes a dominant effect is called Rydberg blockade
radius (Rp).

Note that the energy shift to [rg) and |gr) states due to van der Waals interac-
tion is negligible since one atom of the pair is in the ground state. These states
are degenerate to the energy level labelled as |v.p+> The state |¢+> is actually an en-
tangled state given by the superposition of the states |[rg) and |gr). Indeed, since
the atoms are quite close, it is not possible to know which of the two atoms have
been excited to the Rydberg level, and the correct way of describing the pair state
is an entangled state of the pair where only one atom at once is in the Rydberg
state. The state indicated with |1,b+> is then:

_|rg) +1gr)
)= v (2.5)

This means that whenever two atoms have interatomic distance below the Ry-
dberg blockade radius, the Rydberg excitation generates an entangled state between
them. With similar considerations the blockade mechanism can be extended to
multiple particles that form in turn a multi-particle entangled state when many
of them are all among the blockade radius. It is interesting to note that the Rabi
frequency of the coupling between |gg) and |1,b+ ), compared to the Rabi frequency
of the coupling of single atom ground state to single atom Rydberg state is en-
hanced by a factor V2, as pointed out in figure 2.7. The Rabi frequency of the
coupling between the N particle ground state |g...g) and its corresponding en-

tangled excited state Irg:-8) +\./“N+ l8--8) is instead enhanced by a factor VN. The
simple measurement of the Rabi frequency during Rabi oscillation dynamics is
thus a clear signature for the presence of strongly correlated particles, as it was
demonstrated and measured in [24].

An expression for the Ry, radius can be determined observing that the atoms
are blockaded as far as the van der Waals energy dominates over the Rabi coup-
ling:

|

Ce 6 . C6 _(p6
R6 >h) = R° < ol (Rb) (2.6)

The blockade radius is proportional to the Cg4 coefficient of the van der Waals in-
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teraction that depends on the Rydberg states chosen as target state for the excita-
tion and it is then an experimental accessible parameter. The possibility to create
entangled states is fundamental in many experimental applications. Entangling
operation are basic for gates operation on qubit systems that can be implemented
on this kind of platform [25]. Metrological applications as well take advantage of
entanglement between subsystems to enhance the sensitivity in interferometric
measurements [26, 27].

Rydberg atoms trapped in arrays of optical tweezers are not the only kind
of platform that provide easy access to entangled states. The advantage of this
platform is surely the flexibility and manageability both of the interaction and
the geometry of the system. In other words, the proportions between the in-
teratomic separation R and the blockade radius Ry, can be tuned both by chan-
ging the spacing between optical tweezers implementing a different pattern on
the SLM/AODs, and also by changing directly the strength of the van der Waals
interaction and its action range Ry,

Simulation of quantum spin Hamiltonians

The two types of interactions described above, van der Waals and dipolar, that oc-
cur between a couple of Rydberg atoms, are associated with different spin models
that are mapped onto the optical tweezers” platform.

The Hamiltonians that describe quantum spin models are called quantum
Heisenberg Hamiltonians and can be used to describe quantum mechanically
magnetic systems and their phase transitions [28, 29]. Actually, the class of prob-
lems that can be resolved with a spin Hamiltonian model is very rich and regards
problems far away from magnetic systems too, for example combinatorial optim-
ization problems [23]. The flexibility of Heisenberg Hamiltonians is due to its
simplicity. In equation (2.7) a standard form for the Heisenberg Hamiltonian is
reported [29].

H:_Zt]ijSi.Sj-’_gﬂB ZS]B (2.7)
1 )

In the expression above the first term is the interaction (or coupling) term between
pairs of spins S; whose strength is the coupling amplitude J;;, and the second is
the Zeeman term that is related to the interaction of the spin S; with an external
magnetic field B. In case the spin variable is a scalar variable, the Hamiltonian
in equation (2.7) is called Ising Hamiltonian. If the spin is instead constrained
to a plane, the corresponding spin model is called a planar spin model or Heis-
enberg model. The importance of the Heisenberg Hamiltonians is that the same
Hamiltonian can describe the physics of whatever variable can be associated to a
spin variable.

In the case of the van der Waals interaction, we identify the eigenstates of the
atom approximated to a two level system, the ground |g) and the Rydberg |r) with
the spin basis for a spin 1/2 system in the following way: |g) =|l) and |r) =|T).
Thanks to this identification, the Hamiltonian of an ensemble of atoms trapped
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in an array of OTs can be written as [30]:

HO — Ce
H-= T Z(T)l( —ho Zni + ZVijninj , where Vl] = E (28)
i i

i<j ij

The atoms of the ensemble are subject to a coherent laser coupling characterized
by a Rabi frequency () and detuning 9, and the van der Waals potential depends
on the separation between atoms in site i and j R;;. In the expression above ol
is the Pauli matrix and n; is the occupational number of the Rydberg/spin up
state. The Hamiltonian in equation (2.8) is that of an Ising spin model since for
a spin 1/2 system the relation n; = (o} + 1)/2 holds. The first two terms of the
Hamiltonian represent the interaction with a fictituous external magnetic field,
whose longitudinal and transverse components are proportional to the detuning
0 and the Rabi frequency (), respectively. The Ising coupling in the third term of
the Hamiltonian (2.8) is proportional to the van der Waals potential and is hence
distance-dependent.

As for the dipolar interaction between pairs of atoms, we deal with two differ-
ent Rydberg states, for example [nS) and [nP) (we suppose that the states differ
only for the angular momentum). The spin basis is here identified with the two
Rydberg states, having [nS) =||) and |[nP) =|T). In this case the electric dipole-
dipole interaction is responsible for the coherent coupling of the internal Ry-
dberg states |[nS) and [nP) that are typically separated by a few GHz. The coher-
ent coupling between states can be here provided by a microwave field, unlike
the Ising Hamiltonian in equation (2.8) for which a laser beam provides for the
coherent coupling. Considerations similar to the previous ones lead to the identi-
fication of the Hamiltonian of an ensemble of atoms subject to the dipole-dipole
interaction with the following XY Hamiltonian:

H= hQ;W Z‘a)i(— hé% Zi’azi+ Z%(O‘i(ﬂ +oio) ) (2.9)

iz

In the above expression the magnetic field components are represented by the
Rabi frequency and the detuning of the microwave coupling that connects the
Rydberg states, while the interaction term is given by the electric dipole inter-
action potential. While the van der Waals interaction is isotropic, the dipolar is
stongly directional. Anisotropic coupling makes a system dominated by dipolar
interaction unsuitable for the modeling of an Ising Hamiltonian. However, it was
demonstrated [23] that such a system can be mapped onto a planar XY spin 1/2
Hamiltonian.

Most of the parameters of the Hamiltonians in equations (2.8) and (2.9) are
experimentally accessible ones, making the simulation of these spin models ex-
tremely flexible and manageable. In both Hamiltonians the components of the
fictituous external magnetic field are proportional to the parameters of the coup-
ling between the states identified with the spin basis. Moreover, also the C; and
Cg interaction coefficients are experimentally tunable, since their strength de-
pends on the target Rydberg states chosen for the excitation. Last but not least,
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Figure 2.8: Phase diagram obtained as a function of the Hamiltonian parameters by the
direct measurement of correlation functions. Image taken from [31]

the tweezers platform allows for the manipulation of the inter-site separation R;;
too, that can be found at the denominator of the coupling terms both in equation
(2.8) and equation (2.9).

Ising and planar spin models have been studied in the past years and are
generally well known quantum systems. The advantages offered by the Rydberg
tweezers platforms are those pointed out in the last few lines: the high access to
experimental parameters, even in regimes that are not available for other plat-
forms, and the addressability and control of individual sites and quantum ob-
jects. The addressability of single atoms, guaranteed by the fact that optical
tweezers are separated by several micrometers and trap at most one atom, al-
lows for measurements with single site resolution. For example, in figure 2.8,
a measurement of correlation functions with sensibility over the single atom is
reported. This measurement, realized with an 1D array of Rydberg atoms in op-
tical tweezers simulating an Ising spin model [31], can be exploited to draw a
phase diagram as a function of the Ising Hamiltonian parameters Ry, (Rydberg
blockade radius), A (detuning) and () (Rabi frequency). The disordered phase
goes through a quantum phase transition tuning the ratio A/(), parameters that
represent the components of the external magnetic field in equation (2.8). Differ-
ent ordered phases are encountered changing instead the interaction range Ry, /a,
where a is the spacing between next neighbours in the array. On the right side of
figure 2.8 the cumulative probability (over the whole array) of finding one atom
in the Rydberg state is plotted as a function of the detuning of the laser for differ-
ent values of Ry/a. For negative values of the detuning the corresponding term in
the Ising Hamiltonian (eq. (2.8)) is positive, hence it is energetically favoured to
minimize n; that is the number of Rydberg atoms. Oppositely, for large enough
detuning, this term of the Hamiltonian becomes dominant and aligns upside as
most spins as possible. The interaction term still constraints the configuration of
atoms to be blockaded within the interaction regime Ry,/a. The three plots on the
right in figure 2.8 are realized for Ry, ~ a, 2a, 3a, in such a way that one, two and
three neighbours of the Rydberg atom are blockaded.
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Figure 2.9: Out of equilibrium dynamics of the correlation function describing a linear
array. Image adapted from [31]

Anyway, this platform is suitable not only for the realization of steady state
measurements, like the phase diagram of a spin system, but it also allows for the
study of out of equilibrium dynamics, since it offers the possibility to measure
directly single atom properties in real time. The capability of the quantum simu-
lator to give access to the investigation of out of equilibrium dynamics opens up
promising and full of prospects field of research. In figure 2.9 the time evolution
after the sudden quench of the detuning of the laser is shown. The system is first
adiabatically prepared in an ordered phase that is an out of equilibrium condi-
tion for the system. When the detuning is suddenly quenched to O the laser is
resonant with the atomic transition and interesting dynamics show up: the anti-
ferromagnetic phase bounces back and forth between the initial configuration
and the complementary one where all the spins are flipped (atoms in the ground
finish in the Rydberg state and vice versa).

Perspectives of the platform

To conclude this section, the target experiments suitable for the Rydberg optical
tweezers machine that we would like to investigate are mainly the simulation
of out of equilibrium dynamics and the study of frustrated systems. Quantum
spin models, both Ising and XY Hamiltonians, can be implemented in different
geometry patterns indeed, paving the way towards the study of different topolo-
gies. For example, the well known physics of an Ising model in a square array is
completely different from a frustrated system like an Ising model in a triangular
array. The manageability of the array of optical tweezers makes it an easy task to
rearrange the ensemble of Rydberg atoms into different array geometries.

The second development direction is a more general one, that is the realiza-
tion of a quantum coprocessor. A quantum coprocessor is a device that helps a
classical computer to perform some parts of algorithms in which the coprocessor
offers quantum advantage, for example in terms of computational time. In fig-
ure 2.10 a schematic representation of the quantum coprocessor is shown [32].
The coprocessor can perform both analog operations and digital ones. The sim-
ulation of a quantum spin model is an example of an analog operation, where
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interactions among the atoms are exploited to simulate the time evolution of the
ensemble. All the problems that can be directly mapped onto a spin system are
solved with analog operations. The atomic systems can be also be seen as qubits.
The array of quibits represents the quantum register over which digital quantum
operations can be performed. There are many possibilities for encoding the qubit
states into a couple of eigenstates of the atom. The easiest encoding identifies
the computational basis |0) and |1) with the ground and Rydberg states, but a
few other possibilities have been proposed in current experiments, depending on
which atomic species is used. The Rydberg excitation is anyway an useful tool
that is leveraged to connect different qubits with a strong coupling at large dis-
tance and to create entanglement, thanks to the Rydberg blockade mechanism.
Both single gate operations, such as rotations of the qubit, and multiple gate op-
erations, exploiting the Rydberg excitation, can be performed on the quantum
register, opening up the possibility to perform digital operations too.

2.3 Strontium Rydberg atoms

The choice of the atomic species to be used for the optical tweezers platform
is as important as the type of interaction that is exploited. In particular, dif-
ferent atomic species have rather different internal structure and the techniques
for both excitation and cooling of the atoms can be quite different. Up to now,
most of the experiments based on Rydberg atoms in optical tweezers exploited
alkali atoms such as Rubidium (for example [17, 24, 31]), but in recent years
alkaline-earth atoms got implemented too [19, 27, 33]. In our experiment we
will use Strontium Rydberg atoms. Strontium (Sr) is an alkaline-earth atom of
atomic number Z=38 with a pair of valence electrons and electronic configura-
tion [Kr]5s? for the ground state. Typically, a natural sample of Sr atoms contains
many isotopes, among which the most common is a boson, 8¥Sr, with abundance
of approximately 82.6%. There is only one fermionic isotope among all, the 8”Sr
with 7% abundance. Since the atoms in the array of optical tweezers are indi-
vidually trapped, they are distinguishable and no particular differences stand
between the bosonic and fermionic isotopes. A diagram showing a few relevant
singlet and triplet states for a Strontium atom is reported in figure 2.11. Differ-
ently from alkali atoms, that have just one valence electron, two electron atoms
have both singlet and triplet states that in first approximation are not connected
by atomic transitions because of selection rules.

Alkaline-earth atoms present many advantages with respect to the alkalis,
mainly because of the richness of the internal structure. Two electron atoms have
two important features: the presence of intercombination transitions that, since
they are forbidden by selection rules, have narrow and ultranarrow linewidths,
and of metastable states characterized by long lifetimes. These aspects are relev-
ant for the design of both cooling and excitation schemes. Moreover, the ultranar-
row transition connecting the ground state 'S, to the metastable clock state 3P,
are leveraged in most recent optical atomic clock experiments that reached out
extreme accuracy and stability standards [34, 35].
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Figure 2.12: Sideband and Sisyphus cooling techniques.

The cooling stage can be performed with two stages of Magneto Optical Trap
(MOT): the first one exploits the principal blue excitation line for Sr atoms, the
1Sy —1 Py transition at 461 nm, then in the second stage the 'Sy —3 P; red inter-
combination line (at 689 nm) is used. The linewidth of the intercombination line
is 27t+7.6 kHz and it is small enough to cool the atoms down to a few hundreds of
nK [36], a temperature much lower than that achievable for alkali atoms with the
Doppler cooling only. The efficient Doppler cooling performed thanks to the red
line is sufficient to trap the atoms in the optical tweezers, whose trap depth is on
the order of 1 mK. Hence, an evaporative cooling procedure is not necessary for
this application. This is important because it drops significantly the preparation
time during a typical duty cycle. Although the temperature reached by the MOT
is low enough to trap the atoms in the tweezers, there is still a nonzero probability
of finding the atoms in excited vibrational states in the trap. It is then possible
to implement cooling schemes directly in the tweezer that allow us to cool the
atom down to the ground state of the trap. In the case of Sr atoms, two possible
approaches can be exploited, depending on the wavelength of the tweezer traps.

The first cooling technique is a sideband cooling, that exploits red sideband
trasitions to decrease the vibrational state of the atom in the trap. In the case
of alkali atoms the natural linewidth of the atomic transitions is larger than the
vibrational levels spacing, hence the technique used for cooling the atom in the
trap is the Raman sideband cooling, that makes use of a two photon transition
whose energy separation covers the energy gap between vibrational states. The
sideband cooling used for two-electron atoms, such as strontium, is instead a dir-
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ect scheme, based on a single photon transition and spontaneous decay. Let us
consider the atom as a two level system, |g) and |e), trapped in an optical tweezer
at magic wavelength, such that the two levels feel the same trapping potential
due to identical light shifts. A schematic representation of the sideband cooling
is shown in figure 2.12a: the frequency of the red transition is tuned in such a
way to excite the atom from |g) state to the |e) state, but in a lower vibrational
level. It was verified, for example in [19], that under certain experimental condi-
tions the spontaneous emission decay maintains the vibrational state of the atom,
hence the net result is a decrease in vibrational level. Such a cooling scheme is not
possible for alkalis, because the bandwidth of the excitation laser is much larger
than the separation between vibrational levels and a proper target level cannot be
chosen. The sideband cooling scheme can be implemented for Sr atoms exploit-
ing the intercombination line 'Sy —2 P; that has a natural linewidth of 277.6
kHz, smaller than the typical separation between vibrational levels that is of the
order of tens of kHz.

A second cooling technique, called Sisyphus cooling, can be exploited to keep
the atoms below a desired value of motional energy within the trap [19]. In this
case a non magic wavelength trap is considered: for example the excited state
le) is less trapped than the ground |g). This mechanism is important especially
during the imaging stage, where atoms continuously scatter the broad band blue
light. The energy kicks of the imaging light heat up the atoms in the |g) state,
increasing their vibrational state. Since the trapping potential is non magic, the
photon of the Sysiphus cooling laser beam is resonant only for a restricted frac-
tion of atoms that have the correct energy. Consider for example 2.12b, where a
photon with frequency v is resonant with the |g) — |e) transition at the side of the
trap. If an atom acquires enough energy to reach the value for which the cooling
photon is resonant, it will be excited to the |e) state. After spending some time
in the excited trap, the atom decays preferably in the ground vibrational level of
the electronic state |g). This mechanism keeps the atoms below the energy value
for which the cooling photon is resonant. The cooling works because of the mis-
match of the energy of the photons exchanged. In particular, the cooling photon
is less energetic than the spontaneously emitted one.

Regarding the Rydberg excitation scheme, two-electron atoms offer two pos-
sible configurations. The first possible excitation scheme leverages a coherent
two photon transition and can be performed both on single electron atoms and
on two-electron atoms. In figure 2.11 a schematic representation of the two-
photon Rydberg excitation is presented. In the case of Sr, an intercombination
line is exploited for the first transition, typically the !Sy —> P, line, benefiting of
the narrow linewidths that guarantee long coherence times. The second photon
is instead an ultraviolet photon at ~ 317 nm, depending on which target Rydberg
state is chosen. The overall transition couples coherently the ground with the
Rydberg state and is characterized by a Rabi frequency ) and a detuning 6. A
second method for the excitation of a two-electron atom to the Rydberg state is
described in detail in [36] and relies on the clock state 3P,. Instead of treating this
state as an intermediate state in the two photon transition, thanks to its long life-
time the clock state can be seen as a new ground state from which single photon
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transitions excite the atom directly to the Rydberg state. While in the previous
method one red photon and one ultraviolet photon excited simultaneously the
atom, now the two transitions are performed in a sequence. The atom is first ex-
cited to the clock state that represents the new metastable ground state, then a
second single-photon transitions excites the atom to the Rydberg state. The fact
that the second mechanism is actually a single photon transition, instead of the
two photon one that is exploited for the first method, offers a few advantages, for
example larger Rabi frequencies and the absence of decays from the intermediate
state.

To summarize, two-electron atoms take advantage of the intercombination
lines for the excitation and cooling schemes with respect to alkali atoms for which
these narrow and ultranarrow transitions are not present. As for the Rydberg
excitation in particular, these lines allow us to couple the ground and Rydberg
state with high Rabi frequencies. The long lived or metastable >Pj levels can be
exploited for the qubit encoding too, since they offer great coherence and long
lifetimes. Identifying the computational basis with the ground and the Rydberg
state is a common choice and the easiest one, because it offers quite long lifetimes
and also the connection between distant qubits thanks to the strong Rydberg in-
teraction (see table 2.1). A refinement of this scheme can be achieved by encoding
the qubit states into a couple of stable/metastable states such as the ground 'S,
and the clock 3P in order to have extremely long lived levels and coherent coup-
ling. The Rydberg excitation can be leveraged as an additional tool to link the
quibits along the array of optical tweezers.



Chapter 3

Optical Tweezers

In this chapter I will present the theoretical approach to Optical Tweezers. In sec-
tion 3.1, optical trapping equations are derived using a semiclassical approach,
then advanced trapping methods are discussed in section 3.2. The results of
quantum-mechanical simulations are reported at the end of the chapter, in sec-
tion 3.3.

3.1 Dipole force and optical trapping

Let us discuss the mechanical effect of a coherent light source onto the atomic
sample. In particular, we consider the effect of a monochromatic electromagnetic
field applied to a Strontium atom [37, 38]. The total Hamiltonian of the open
quantum system composed of the laser field (L), the atom approximated to a two
level system (A) and the environment (E) is the following:

A2
H = 2+ g lg) (gl + e fe) (el + Var(R)+ Vap(R) (3.1)

where the first term is the external motion energy of the atom, the second and the
third term describe the energy of the internal state, and the last pair represents
the atom-light interaction (both the laser and the vacuum). The energies of the
internal states |g) and |e) are fiw, and hw,, respectively. M is the mass of the atom,
while p and R are the momentum and position operators of the particle. The force
felt by the atom can be written as the commutator between the Hamiltonian of
the system and the momentum operator:

Lodp ia A

P d—lz = = [FLp] = -VaH (3.2)
The only term in the Hamiltonian (3.1) showing spatial dependence are the atom-
light interaction terms. The atom-laser interaction in electric dipole approxima-
tion is Fi; = —d - E, where d is the electric dipole operator.
E =é¢(R)cos[wt + ¢(R)] is the electric field associated with the laser beam. The
electric field is characterized by polarization vector é, amplitude ¢(R), frequency

27
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w and phase ¢(R). We can now consider the expectation value of the force oper-
ator over the state of the system:

F=(F)=(V(d-E)) ~(VV5(R)) (33)

In equation (3.3) the second term can be dropped because the atom-environment
interaction, resulting in spontaneous emission, is isotropic and gives zero expect-
ation value. Assuming now the adiabatic approximation, valid if the timescale
for the external motion of the atom is much faster than the typical internal-state
evolution, the center of mass variables R and p are treated classically and the
internal state is described by the stationary Optical Bloch Equations (OBE) solu-
tions. Applying these approximations the force expression becomes:

F = (d;VE;(R)) = (d;)VE;(R) = d;'VE(r) (3.4)

Calculating d;* with the stationary solution of the OBE one obtains that the elec-
tric field induces an electric dipole oscillating at the frequency of the laser ra-
diation. The induced dipole is composed of two terms, one in phase with the
electric field and one out of phase by 90°. Substituting the expression for d' in
equation (3.4) and averaging for long times the force becomes:

hV2Q ustat _ hQZV(P Vstat

where () is the Rabi frequency, ¢ is the phase of the electric field and u are
the components of the Bloch vector representing the internal state of the atom.
In particular, we have:

Fo_ (3.5)

stat, Vstat

Cfleg - és(R)

Q=—F— = (elflg) (3.6)
where f is the electron’s position operator,
ustat — Qzé o ystat QV/ 2 (3.7)
52+ 1+ 52+ 2+ 9

In equation (3.7) o is the detuning of the laser beam and y is the linewidth of
the atomic transition. The two terms in equation (3.5) are the dipole force and
the radiation pressure, respectively. The dipole force is a conservative contribu-
tion that corresponds to the in-phase oscillation of the induced electric dipole
moment, while the radiation pressure is the dissipative term that is used to slow
down and cool the atoms. The dipole force, that guarantees the trapping of the
atom, is dominant for large detunings, namely for 6 > y, w:

hvQ) Qo

Fd'p = — = _VUd'p (38)
1 2 524 yTz + 2 1
where Uy, is the dipole potential
2
1o g nO2 B2 1
Ugip = —log| 1 2 |y — o 3.9
dip 20g[+52+7’_2 6 T8 75 (3.9)
g
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In equation (3.9) the logarithm can be expanded at the first order in Taylor series
because we are considering the 0 > v, w regime. Moreover, we notice that the di-
pole potential is proportional to the square of the electric field over the detuning,
and observing that the intensity I is proportional to the square of the electric field
we obtain the last proportionality relation.

When the detuning becomes comparable to the energy difference between
electronic levels, the two-level approximation breaks down and one has to resort
to a more complete expression, taking into account the coupling of the ground
state to different excited levels j:

I I

37'CC2 j j
Ugip(R) = - + -I(R 3.10
(R} =75 Z(wo_wj e ) 1® (3.10)

where I(R) is the spatial dependent intensity, wy is the frequency of the laser
beam, I and w; are the linewidths and the frequencies of all the considered trans-
itions. The dipole potential can also be interpreted as a light-shift of the atomic
levels that is induced by the non-resonant interaction.

The last step before obtaining an analytic expression for the dipole potential
is to determine the intensity profile of the laser beam. It can be demonstrated
that a Gaussian beam is a good description for a propagating laser beam [39].
The corresponding intensity profile is:

2P 2r?
I(r,z) = mexp(—w2(z)) (3.11)

where r = y/x? + y? is the radial coordinate, z the axial coordinate, P is the power
of the laser beam and w(z) is the beam size of the laser beam at coordinate z along
the propagation axis. The beam size is a function of the beam waist w, and the
Rayleigh length zy that characterize uniquely the laser beam:

2\3 2
w(z):w0[1+(%)] , zp= o (3.12)

The laser beam that we use for generating the optical tweezers is a Matisse
Syrah manufactured by Spectra-Physics that is tuned to work around 813 nm,
that is one of the magic wavelengths of Strontium atoms. This wavelength is one
of the so-called magic wavelengths for the ultranarrow optical clock transition
connecting the ground state 'Sy and the metastable state P,. For this specific
wavelength the light shift is the same for both the levels, therefore the transition
frequency is not shifted by the trapping light, which is highly beneficial for met-
rologic applications exploiting the 'Sy —3 P, transition. The laser beam coming
out of its cavity is slightly elliptic, having the waists measured along the x and
y axes wg, =(1.024+0.009) mm and wg, =(0.974+0.011) mm. The Rayleigh
length is approximately zg = (4.15+0.07) m. The beam is deflected by the couple
of acousto-optic deflectors in order to create multiple beams, and then is focused
by a microscope objective to reduce the beam sizes to a micrometer lengthscale.
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Figure 3.1: Schematic representation of the basic components of the apparatus for the
creation of arrays of optical tweezers. A couple of crossed AODs can create several de-
flected beams covering the whole solid angle. The beams are focused via a microscope
objective into a glass cell where the atoms are prepared in a MOT. A second microscope
objective recollects the tweezers light.

The main components of the apparatus that will be used to create the OTs are
presented in figure 3.1. The core of the apparatus is the glass cell, where atoms
are trapped and cooled in a Magneto Optical Trap (MOT). The glass cell is engin-
eered in such a way to provide the maximum optical access possible. The array of
optical tweezers is superimposed to the MOT region in order to trap individual
atoms. Given this optical setup, we can calculate the expected beam size of the
tweezers and their separation after the microscope objective, in the glass cell. We
can calculate these quantities as a function of the focal lengths f, f, of scan and
tube lenses (the pair of lenses before the objective in figure 3.1) and the effective
focal length of the objective fy;, also called working distance (WD). First of all,
the divergence of a Gaussian beam with beam waist w;, has to be recalled:

A
0, =
0 TtWin

(3.13)

The beam size of the tweezer after being focused by the objective is then® [40]:

foo Ao f
Wiweez = fobj 01 = fobj 0 - i = 7ZV\(I)~] i (3.14)
t n ‘t

where 0, is the divergence of the Gaussian beam at the input of the objective that
is expressed as a function of the divergence 6 before the scan-tube lenses system.
Scan lens and tube lens focal lengths are used to calculate, in geometrical optics,
the magnification/reduction of the divergence angle. The distance between a pair
of tweezers generated at RF frequencies f; and f;, such that the difference is Af,
is instead [40]:

AL fo.

AO
dtweez = Zfob]‘ . tan(T) = 2f0bj -tan(z—vs . E) (315)

IEquation (3.14) is valid in the case, always verified in our experimental conditions, that the Rayleigh
length is much larger than the distance over which the beam propagates.
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Figure 3.2: Example of the dipole potential plotted for the x and z directions.

In equation (3.15) A is the angular separation of the pair of beams considered
and it can be expressed as a function of Af (see equation (4.6)) and of the scan-
tube focal lengths ratio, while vy is the sound velocity in the crystal medium of the
AQOD. The physical description of acousto-optic deflectors is treated in chapter 4.

Typical values for the optical systems are: A=813 nm, w;,=1 mm, fobj:5 mm,
fsc = f,=200 mm, Af=1 MHz and vs= 650 m/s. Substituting these values in the
expressions above we obtain a tweezer size of Wiyee,=1.3 ym and tweezers sep-
aration diyee,=6.3pm. Feeding the wyyee, estimated value into equation (3.11),
the intensity at the center of the trap, where the exponential factor is equal to
1, is Iy= 3.8-108 W/m? for a power P=1 mW. This huge intensity of the optical
tweezers trap is the result of the tight focusing of the laser beams, and allows us
to trap, with a little amount of laser power (for example 1 mW), atoms that have
relatively high temperature of few uK. If 1 mW of laser power is enough for an
optical tweezer that holds one atom, we may produce a few hundreds of traps
within the same array, since the power is above 7 W right out of the laser cavity.
In figure 3.2 the dipole potential in equation (3.10) is plotted along the x and z
coordinates. The z direction denotes both the propagation axis of the beams that
produce the optical tweezers and the gravity force direction. The y direction is
not represented because it is equivalent to the x direction, being it perpendicular
to the gravity force too. The parameters used to obtain this potential are P=1
MW, Wiyee,=1 pm and A= 813 nm. Only the two main transitions of Sr atoms
were considered, the 'Sy —! P; and the 'Sy —2 P, because they have the largest
linewidths, and the trap depth is converted in a temperature scale (uK). Ap-
proximating the dipole potential to a harmonic trap, it is possible to calculate
the harmonic trap frequencies. In table 3.1 we report a few values for the power
depth of the trap P in mW, the dipole potential U in K, and the corresponding
trapping frequencies for the x (radial) and z (axial) directions in kHz. All the
parameters are obtained for fixed A1=813 nm and wyyee,=1 pm.
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P(mW) | U(uK) | vx(kHz) | v,(kHz)
0.1 -4.2 5.78 1.05
0.5 -20.8 12.9 2.36

1 -41.6 18.3 3.34
2 -83.3 25.8 4.73
5 -208.2 40.9 7.48
10 -416 57.8 10.6
20 -833 81.7 15.0

Table 3.1: Correspondence between the power of the tweezer P, its depth U and the
trapping frequencies v, and v,

3.2 Advanced time-dependent trapping models

In this section I will describe two problems regarding the trapping and the trans-
port of atoms. These two topics are relevant in the context of the rearrangement
of the array that is performed to create a defect-free pattern. An array of static
OTs can be created using the pair of crossed AODs by driving them with multiple
frequency components RF signals. As the loading of this array with cold atoms
will be non deterministic, we need to implement rearrangement techniques to
obtain the desired pattern of trapped atoms, as discussed in subsection 2.1.1.

For 1D patterns the rearrangement consists in compacting only those tweez-
ers that are filled to form a defect-free array of arbitrarily spaced OTs [15, 31].
To move one tweezer along the line, a frequency sweep is applied to the corres-
ponding frequency component of the RF signal that drives the AOD. The sweep
can be linear, resulting in a uniform rectilinear motion (URM) for the atom, but
also more complicated equations for the tweezer’s motion can be explored. The
problem of finding the best equation for the transport of the atom is addressed
in subsection 3.2.1.

For arbitrary 2D patterns this approach cannot be used, because only separ-
able 2D patterns can be created with two orthogonal AODs, which forbid arbit-
rary movements of individual OTs. To overcome this limitation, one possible
solution is the possibility of exploiting time-averaged potentials. This is the
second time-dependent trapping model that we investigate in this chapter. In
subsection 3.2.2 we consider a static tweezer whose amplitude is time-modulated
to simulate the periodic switching ON/OFF of the trapping potential. In this case
we study the constraints for the trapping of the atom as a function of the laser
power generating the tweezer and the frequency at which the periodic switching
of the potential is driven.

3.2.1 Simulation of moving Tweezers for the rearrangement

The transport of one atom in an optical tweezer is simulated on the software
Mathematica. Since the tweezer is moved perpendicularly to the propagation
axis z, that will correspond in the final experiment to the vertical direction, all
the directions in the x-y plane are equivalent as they will not be affected by grav-
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ity. This is a simplification because moving the tweezer along the x, y axis or any
combination of them produces the same effects on the atom. The results obtained
can thus be applied to the rearrangement in 2D patterns too, since in that case a
single beam is deflected by the pair of crossed AODs and performs the rearrange-
ment of the static array generated by an SLM. The transport can be decomposed
in a series of moves along orthogonal x and y axes. The dynamic potential used
in the simulation is derived from that in equation (3.10), considering a time-
dependent intensity of the laser beam in equation (3.11) to get a time-dependent
tweezer potential:

Ii(r,z,t) =

(3.16)

w2 (z) w2(z)

[ 2 [(x —x0(t))? + yz]
exp|—

Intensity depends on time via the time dependence of the coordinate x(t). The
parameters describing the dipole potential are substituted with Strontium para-
meters taken from NIST and [41]. In particular, we consider just the two main
transitions of Strontium atoms, the 'Sy —! P; line with 1=460.9 nm, '~ 32.0
MHz, and the 'S, —3 P, line with 1=689.4 nm, I' =~ 27t+7.6 kHz. We then use the
time dependent dipole potential

I I

37'(C2 j j
Udipt(r,2,t) = - + Ii(r,z,t 3.17
aipa{r,7,) = =75 Z(wo_wj pod LA (3.17)

to define the force felt by the atom as minus the gradient of Ug;; ((r,z,t) plus the
gravitational potential:

F = -VUigip,(1r,2,t) —mgz = -VU(r,2,t) = (F,, Fy, F,) (3.18)

The definition of the force components allows us to solve classically the motion
of the atom along a radial (x) and axial (z) coordinates, while as for the y direction
we consider the atom to be always at y=0. The equations to be solved are a pair
of coupled differential equations, where m represents the mass of the Sr atom:

mZ(t) = F,[x(t), 0,2(t)]
{m*(t) Fy[x(t),0,z(t)] (3.19)

In equation (3.16) we introduced a time-dependent redefinition of the center of
the trap, x0(t). This expresses the tweezer position as a function of time. The
simulations are performed for several x0(t), differing both in their mathematical
function and boundary conditions, by solving classical coupled differential equa-
tions. Some tweezer-position functions x0(t) are shown in figure 3.3.

The distance between next-neighbouring tweezers in the array is typically of 5
up to 10 micrometers. The rearrangement procedure requires to transport atoms
in the tweezers for a few sites, so we will consider the worst-case scenario where
the atom has to be moved by 50 ym. In current experiments, the typical times-
cale for each transport is around 1 ms, so we assume this one as a target upper-
bound value. In our simulations the total displacement is fixed to 50 ym, while
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Figure 3.3: Three different tweezer-position function that produce in 1 ms a displacement
of 50 ym. The blue curve represents a uniform rectilinear motion, while the yellow and
green ones are a third-grade and a seventh-grade polynomials of t, respectively.

the time to perform the move is limited to be below 1 ms. This constraints the
mean velocity of the motion of the tweezer position, that we will call v ,ea,, to be
higher than 50 mm/s. For all the simulations, performed using several tweezer-
position functions x0(t), we considered v,c,, values in the range 50-200 mm/s.
After solving numerically the differential equations (3.19) and obtaining the ex-
pressions for x(t) and z(t), we calculate their derivatives x(t) and z(t). Then we
calculate the kinetic and potential energies during the transport by substituting
x(t), z(t) and their derivatives in equations (3.20).

Ei(t) = %mxz(t) + %mz‘z(t) Ey(t) = U[x(t),0,z(t)] (3.20)
where U is the energy potential introduced in the force definition (3.18). The
criterion that we used to quantify the goodness of the results is the value of the
energy increase between the beginning and the end of the motion. The energy
increase is a consequence of the work of non-inertial forces that are applied to
the atom in the non-inertial frame of the moving trap.

AE(t;, te) = Ei(tg) + Bp(te) - [ Ex(t;) + Ep(t;)] (3.21)

Solution for the atom at rest in the center of the trap

The first tweezer-position function considered for our simulations exploited an
uniform rectilinear motion (blue plot in figure 3.3). The boundary conditions
for the set of differential equations (3.19) are x(0)=z(0)=0 m and x(0) =2(0) =0
m/s. The energy increase values are plotted as a function of the transport mean
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Figure 3.4: Energy increase calculated for the atom subject to a URM motion. The initial
conditions are those of an atom at rest in the center of the trap.

velocity v,ean and the power of the tweezer P (see equation (3.16)) in the logar-
ithmic colour plot in figure 3.4. As stated above, higher transport speeds for a
fixed target distance means that the move is performed in a time smaller than
1 ms. Generally, figure 3.4 shows that the transport is better for small speeds
because under these conditions the atom gets a small energy increase due to the
motion. The value estimated for AE is quite independent on the power of the
tweezer, except for the lower lines in the plot that seem to be good parameter
values, even better than the ones obtained for low velocities. Actually, the atom
is probably lost for those combination of parameters, since that the trap depth
was too low (for example the depth of the 0.5 mW trap is just 20 uK) and the
transport velocity too high, and the low energy increase obtained by the simu-
lation may be caused just by an error in the numerical evaluation. Anyway, the
smallest energy increase is above 26 K and can be obtained for the smallest ve-
locity available. Fixing a target distance and a maximum time of 1 ms to perform
the transport results in a minimum mean velocity for the motion. The fact that
also higher speed values are available, even though in general this provokes an
higher increase of energy, tells us that we can both transport the atom further
away in the same time (1 ms) and transport the atom in a smaller time to the
same target distance (50 micrometers). This consideration is valid also for the
following plots.

The uniform motion is of course the easiest transport that we can simulate, but
this is probably not a good choice since the atom is subject, both at the beginning
and the end of the motion, to strong impulsive inertial forces due to the sudden
acceleration imposed by the motion of the tweezer.

The second tweezer-position function that we implemented in the simulation
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Figure 3.5: Energy increase calculated for the atom subject to a third grade polynomial
motion. The initial conditions are those of an atom at rest in the center of the trap.

is a third-grade polynomial (yellow line in figure 3.3) that tries to take into ac-
count these physical observations.

x(t) :A(3(%)2—2(%)3) (3.22)

where A=50+10"° m and t0=10"3 s are the normalizations needed to scale the
equation between the desired space and time values. The above equation is de-
rived in [42], imposing to have zero velocity at the initial and final times. This
excludes the possibility to have first order power of t. Moreover, the boundary
conditions x(0)=0 and x(ty = 107%) = 50% 10~ m allow us to determine uniquely
the third-grade solution reported in equation (3.22).

The results of the simulation that implemented equation (3.22) are reported
in figure 3.5. This plot is similar to the one in figure 3.4. In particular, the time
normalization t0 was tuned to values lower than the upper bound (1 ms) in order
to obtain the same mean velocities that were used for the first simulation. Com-
paring the results, the second equation describing the motion of the tweezer gives
smaller increases in the final energy, and the effect of the transport is almost inde-
pendent on the trapping depth. The AE values on the left side of the histogram,
converted in temperature values, are all below 5 yK, providing an improvement
with respect to the URM simulations. The energy increase is limited also for large
transport speeds (AE < 110 uK) proving the validity of this transport method.

The problem of finding the best transport equation for an atom falls in the
field of optimal control algorithms. Indeed, much more complicated equations
have been developed finding the best parameters with variational algorithms.
We tried to implement one last equation (the green plot in figure 3.3) that was
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Figure 3.6: Energy increase calculated for the atom subject to a seventh grade polynomial
motion. The initial conditions are those of an atom at rest in the center of the trap.

derived and optimized in [43]. This equation, smoother than the previous ones,
is expressed in terms of the variationally optimized parameters as:

t )4 t > t\° t )’
x(t) :A(35(—) —84(—) +70(—) —20(—) ) (3.23)
t0 t0 t0 t0

where A and t0 are the same normalization parameters introduced in equation
(3.22). The time normalization t0 is tuned to values corresponding to different
mean velocities in this case too. The plot showing the energy increase as a func-
tion of the power and mean velocity parameters is shown in figure 3.6. This
method proves to be a further improvement with respect to the first two equa-
tions discussed. Neglecting the three boxes in the right bottom of the plot, for
which probably computational errors in the simulations came up, the energy in-
crease ranges from minimum values around 0.7 uK for small speeds to maximum
values that are anyway limited below 12 uK for high speeds. This last method is
thus the most effective because it only slightly changes the energy of the atoms.

Solution for the atom with thermal initial speed and position

We decided to repeat the simulations described above also in the case where the
atom at the beginning of the transport process has already nonzero speed v0=0.03
m/s and it is away from the center of the trap for an amount 6 = 0.5 *wr, where
wr is the tweezer’s waist. In the Maxwell-Boltzmann thermal distribution for
a MOT at 1 uK? the 97.7% of the atoms are contained below this v0 value, so

2This Doppler cooling temperature value was achieved in [36] for a Sr apparatus similar to the one de-
scribed here.
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Figure 3.7: Energy increase calculated for the atom subject to a uniform motion. The
initial conditions are v0=0.03 m/s and 6 = 0.5 * wr.

this is a worst-case scenario. Furthermore, we introduce a consistent displace-
ment of the atom with respect to the center of the tweezer of half its waist. In
this second set of simulations we used again the energy increase as cost function
(3.21). The difference is that now the atom has a nonzero initial energy, both
kinetic and potential. Differently from the previous simulations, for which the
total energy of the atom was equal to the energy increase, to get the total energy
in this case we have to add to AE the initial energy, that is constant and equal
to Ec(t;) + Ep(ti) ~ (4.7 + 60.7) uK=65.4 pK. The comparison between the first and
the second set of simulations is important to find out if there is a clear advantage
in cooling the atoms in the trap (see section 2.3) before or after the transport.
The atom with nonzero initial position and velocity represents the case in which
we first perform the rearrangement and then cool the atoms, although quantum
mechanically even the ground state has nonzero energy, while the atom at rest
represents an approximation for the latter case. In the case of the simulation im-
plementing an uniform rectilinear motion, the energy increase is shown in figure
3.7. The plot is similar to the corresponding simulation performed considering
the atom at rest (figure 3.4). Slower transports result in a small AE around 12
uK, while also in this case faster movements result in a higher energy increase.
The third-grade polynomial used to obtain the results in figure 3.8 allows for
an improvement with respect to the uniform rectilinear motion of the tweezer’s
position, like in the comparison between previous results in figures 3.4 and 3.5.
Now the estimated values for AE range from 6 to 115 uK, from the left to the
right side of figure 3.8. In figure 3.9 we see the high effectiveness of the equation
(3.23). This technique, applied to an atom that is already moving, gives for many
parameter values a AE smaller than 1 yK. The yellow areas for which the atom
received a large energy increase at the end of the transport, differently from all
the other combination of parameters, may be affected by errors during the simu-
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Figure 3.8: Energy increase calculated for the atom subject to a third-grade polynomial
motion. The initial conditions are v0=0.03 m/s and 6 = 0.5 *wr.
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Figure 3.9: Energy increase calculated for the atom subject to a seventh-grade polynomial
motion. The initial conditions are v0=0.03 m/s and 6 = 0.5 *wr.
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lation run. Another possibility is a particular resonance of the oscillations of the
atom in the trap with the initial velocity v0 that results in a much higher energy
increase with respect to all the others obtained in the plot.

By comparing the first set of simulations with the second one, we see that
the plots obtained for the same tweezer motion are similar, this meaning that
the effect of a particular way of transporting the atoms is not much affected by
the energy the atom has at the beginning. There are many larger differences
among the results of simulations that we obtained using different functions for
the motion of the tweezer. The total energy of the atom in the second set of
measurements is of course higher because we have to consider the sum of 6E and
the initial energy (approximately 65 pK). In conclusion, it may be convenient to
perform the cooling in the trap after the transport since the available parameter
regions are the same in the case of the atom at rest and in that of the moving atom.
Moreover, the heating caused by the transport difficultly will be negligible. It is
so only in the left side region in figure 3.6 for atoms at rest.

3.2.2 Simulation of a periodic time-dependent Tweezer (Time-Averaged)

In this section we present the simulation of a Sr atom, treated as a classical
particle as in section 2.1, that is subjected to a time-averaged potential. This
technique exploits the very fast response of the devices in use, the AODs. We
start again from the dipole potential in equation (3.10), although this time the
modulation is not a time-dependent position of the trap’s center, but a periodic
function that multiplies the dipole potential. Note that the modulation simulates
the periodic switching on/off of the tweezer that jumps over many sites in one
period, but it doesn’t affect the gravitational potential. Hence, when the tweezer
jumps onto a different site, the atom that we are observing starts to fall under the
gravitational force. In this set of simulations we want to determine under which
parameter values the time-averaged potential trapping works, i.e. the atom re-
mains trapped at times much longer than the modulation period. We quantify
the goodness of the results by calculating the energy increase, as done also for
the transport of the atom. The dipole potential for the time-averaged potential
has an explicit time dependence that is contained in the modulation:
37'(C2 T. T.

Uy ,Z,t) = — -+ —1—)-I(r,z) - mod(t, 3.24
tlmeavg(r z ) 20)8 Z’((UO_C‘)]‘ a)0+wj (I' Z) mo ( V) ( )

where I(r,z) is the intensity of the tweezer expressed as function of the radial and
axial coordinate and the modulation mod(t,v) is a function of time for a specific
frequency value v. This frequency value is the one at which the modulation is
repeated periodically. Ideally, the modulation would be a square wave that rep-
resents a sudden switch of the deflected beam accounting for the switch from one
RF frequency to another (and so from one position in the array to the following
one). Anyway, the AOD has finite rise and fall times and a square wave does not
represent a physical modulation.

The function that we used to represent the modulation was obtained directly
from measured signals, as discussed in subsection 4.4.4. In figure 3.10 we anti-
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Figure 3.10: Example of the modulation function mod(t,v) for v=50 kHz and a rise time
of ~ 2.5 ps.

cipate the result of the next chapter to describe this simulation. The modulation
is expressed as a piecewise function with two horizontal segments standing for
the ON period and the OFF period of the tweezer, and two oblique segments that
represent the rise and fall of the signal. The slope of these segments is determ-
ined by the finite rise time of the AOD device, as pointed out in chapter 4. As
for the example in figure 3.10, the beam size of the laser is around 1 mm and the
corresponding rise time is approximately 2.5 microseconds. Note that the duty
cycle of the function is 50%, meaning that the modulation mod(t,v) switches the
deflected beam between a single pair of positions>.

The procedure for this simulation is the same used in the simulations of the
transport of atoms. We calculate the force as:

Ftimeavg = _VUtimeavg(rf z,t) - mgz = -VU(r,z, t) = (Fy Fyr F,) (3.25)

where now the contribution of the dipole force is modulated in time by mod(t,v)
and the gravity force is always present. The system of differential equations is
the same as equation (3.19), although they obviously differ for the expressions of
the force components F, and F,. The results of the simulations are plotted in log-
arithmic color plots where the energy increase AE (defined as in (3.21)) is plotted
as a function of the power depth of the tweezer and the frequency of the mod-
ulation function v. The energy scale of the plots is converted again in yK. The
important difference between the transport simulations and the time-averaged
ones is that, while the first ones evaluate numerically the motion equations of the
atom for a time of the order of 1 ms, in the second case we want to observe the
evolution of the atom for hundreds of ms, making it a more challenging task. In

3 Actually, the modulation is applied in phase to both the crossed AODs, in such a way that the two
tweezer positions over which the dipole trap is shared, can be any couple of points in the plane.
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particular, we simulate the time-averaged potential trapping to last 200 ms, that
is a typical time for one experimental cycle. The atoms initially loaded randomly
in the array (1 ms) are imaged one first time (30 ms) to determine the sequence
of moves for the reordering (50 ms). After the reordering a second imaging stage
(30 ms) is needed to check whether the reordering worked properly or not. Then
the Rydberg excitation takes place and finally a third imaging stage (30 ms) al-
lows for the detection of the atomic state [36]. The overall timescale should then
be around 200 m:s.

Time-averaged potential for an atom at rest in the center of the trap

The sequence of the simulations is similar to that discussed in subsection 3.2.1.
We started to simulate the effect of a time-averaged potential onto an atom char-
acterized by boundary conditions v0=0 m/s and 6=0 m. This is an approximation
for a low-energy atom. The size of the laser beam at the position of the AOD con-
sidered for this simulation is 1 mm, thus resulting in a rise time of the signal
relative to the deflected beam of approximately 2.5 us. This dependence will be
shown in section 4.4. The size of the tweezer in correspondence of the atoms is
instead considered to be 1 ym.

We chose a set of switching frequencies v from 10 kHz to 250 kHz and for
each of them we derived a function like the one plotted in figure 3.10 following a
procedure that is discussed in chapter 4. Moreover, the simulations are repeated
for different power depth values P (see equation (3.11)), from 500 W to 20 mW.
In figure 3.11 we see a clear distinction between two regions of the plot. The red
boxes are those for which the atom is lost and essentially falls for 200 ms under
the effect of the gravity. The energy increase in these cases is huge and the final
kinetic energy is that of a free falling particle. The rest of the histogram with
violet, blue and green boxes, is a region of parameters (the trap depth and the
frequency of the modulation) for which the atom is kept in the trap for all the
time. The energy increase in this case is small, less than 100 nK in many cases.
This is a very promising result because, except for v=10 kHz that is a condition
under which the atom is always lost, there is a very large range of parameters
that can be exploited to perform a time-averaged potential trapping. The first
column in figure 3.11 shows that for ¥v=10 kHz the modulation is too slow even
for an atom at rest, because during the time in which the trap is off the atom
has enough time to fall and escape the tweezer. The reason for that is probably
that in this case the switching frequency becomes compatible with the trapping
frequencies of the atom in the trap (see table 3.1). The red boxes at the top of the
histogram indicate us that, for large power values, even the frequencies up to 120
kHz are unsuitable for the time-average method. The reason for that is probably
that for increasing power depths the tweezer kicks the atom out of the trap when
the potential is quasi instantaneously switched on.

We decided to test this technique also under different experimental condi-
tions. We introduced in the optical path a telescope to reduce the beam waist
entering the AODs by a factor of 2. The resulting measured beam waist is around
500 pm, thus providing a faster rise time 7 ~ 1.25 ps, as it will be shown in sub-
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Figure 3.11: Energy increase calculated for the atom subjected to a time-averaged poten-
tial. The initial conditions are vO=0 m/s and 6=0 m. The energy scale is converted into a
temperature scale (uK).

section 4.4. The size of the tweezer considered at the position of the atoms is 1
pm. Modulation functions similar to that in figure 3.10 were obtained for the re-
duced beam too, although in this case the slope of the oblique segments is almost
doubled because of the faster response times. The results of these simulations
are reported in figure 3.12 again in the form of a logarithmic plot. The region
of parameters where the atoms are successfully trapped coincides with the re-
gion found in the simulation in figure 3.11, and also the numerical values for the
energy increase AE are quite similar. There is a central region of the histogram
(the purple boxes) in which the time-averaged technique proves to be extremely
effective, since the energy increase estimated from the simulations is of the order
of the nK. Anyway, comparing these two plots we see that they are almost equi-
valent and the faster dynamics in the AOD in the case of the smaller laser beam
does not give large advantages.

Time-averaged potential for a thermal atom

We decided to repeat the scheme used for the simulations of the atom’s transport
and to perform a new set of simulations with different starting conditions for the
atom. The atom is considered to have, at the beginning of the simulation, a velo-
city v0=0.03 m/s and a displacement 6 = 0.5 *wr, and these parameters are the
boundary conditions for the set of coupled differential equations describing the
evolution of the particle. The choice of these parameters is motivated following
the argument described in subsection 3.2.1. Also in this case, the criterion for



44 CHAPTER 3. OPTICAL TWEEZERS

1000
500; 1000.
X
=
< 100 10
)
o] 50'
S 0.100
10}
- 0.001
0 50 100 150 200 250 AE [1K]

v [kHZ]

Figure 3.12: Energy increase calculated for the atom subject to a time-averaged potential
in the case of a reduced beam waist at the position of the AOD. The initial conditions are
v0=0 m/s and 6=0 m. The energy scale is converted in temperature scale (xK).

the goodness of the time-averaged trapping is the value of the final energy, the
sum of kinetic and potential energies, subtracted by the initial energy. The sum
of kinetic and potential energy at the beginning of the simulation is again E; ~ 65
pK, so to obtain the total final energy this value has to be added to the energy
increase AE. Also in this case, we performed the simulation using two different
modulating functions, the one derived for the large laser beam (1 mm) and the
one for the reduced beam (0.5 mm). The results of these simulations are reported
in figure 3.13. Figure 3.13a shows the effect of a time-averaged potential where
the modulation is relative to the 1 mm laser beam, while in figure 3.13b we used
the modulation for the reduced laser beam. The two plots are presented together
to point out the similarities and differences: the region of parameters useful for
trapping the atom (blue, purple and green) are quite similar but the reduced
beam seems to offer a small advantage. In both the cases switching frequencies
v up to 50 kHz are not useful because the atom is always lost (red boxes). Also
in this case high trap powers are unsuitable because the kick the tweezer gives
when it is suddenly turned on is too high and the atom can be lost. As for the low
trap depths, the simulations relative to the large beam tell us that the minimum
power depth for trapping the atom is 1 mW and below this value the atom is
lost. In the second case there is only one combination of parameters at v=80 kHz
and v=90 kHz for which P=0.5 mW is enough. Note that the plot in figure 3.13b
is realized performing the simulation also for v=200 kHz, while in figure 3.13a
the last two values were v=150 kHz and 250 kHz, so the plots appear slightly
different only because of the binning realized by the software.
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(a) Time-averaged potential using a laser beam of 1 mm waist at the position
of the AOD (corresponding rise time of 2.5 ys) and considering the atom with
v0=0.03 m/s and 6 = 0.5 *wr.
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(b) Time-averaged potential using a laser beam of 0.5 mm waist at
the position of the AOD (corresponding rise time of 1.25 us) and
considering the atom with v0=0.03 m/s and 6 = 0.5 *wr.

Figure 3.13: Comparison of the time-averaged trapping technique exploiting two differ-
ent beam sizes of the laser that is deflected by the AODs.
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Figure 3.14: Comparison of the time-averaged trapping technique exploiting two differ-
ent beam sizes of the laser that is deflected by the AODs.

The results of the simulations are promising because there is still a large re-
gion where the heating caused by the time-averaged potential is below 5 uK even
for a thermal atom with an initial displacement from the center of the trap.

Time-averaged potential with unbalanced duty cycle

Up to now the simulations of a time-averaged potential all regarded the situation
in which the duty cycle is 50% and so it allows to switch the tweezer over just a
couple of positions. To conclude this series of simulations, we report the results
of the trapping with a time-averaged potential where the modulation function
mod(t,v) is periodic with 33% duty cycle. Differently from the modulation in
figure 3.10, for which the on and off time were approximately equal to 50% of the
period, in this case we consider the on time to be the 33% of the period. The shape
of the piecewise functions used are still the same derived from measured traces
for the balanced case. This represents a modulation at the same v investigated
in the previous cases, but now in one period T=27/v the tweezer is shared over
three different positions. In figure 3.14 the plots related to these simulations
are reported, both considering the use of the large beam (figure 3.14a) and the
use of the reduced one (figure 3.14b). The range of parameters that allow for
the trapping is reduced, and this is consistent with the fact that now the time
over which the tweezer is off is doubled with respect to the simulations shown
in figure 3.13. The region of good parameters for the large and small beams, in
figures 3.14a and 3.14b, respectively, are slightly different but in both the cases
combinations of parameters giving AE smaller than 10 pK are available. The
reduction of the region of parameters suitable for the trapping of atoms in time-
averaged optical tweezers suggests that this technique can be applied to small-
size arrays only. In particular, the length of the total period over which the time-
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averaged tweezer runs across all the sites of the array is limited, since we want
the atom to be recaptured at every period. The other important constraint is the
finite rise time of the deflected beam, that will be discussed in chapter 4.

3.3 Quantum model

All the previous simulations were classical, because the computational power re-
quested for simulating the evolution of the atom’s wavefunction under the action
of a Hamiltonian with complex time dependence was too demanding. In this sec-
tion, we will study the quantum-mechanical evolution in a very simplified case,
that of a release and recapture process, which is, however, highly relevant to the
experimental implementation of Rydberg experiments. In most protocols, the
Rydberg dynamics is initiated after releasing the atom from the optical tweezer,
i.e. during a free-space evolution of the atom wavefunction, then the trap is
switched on again during the detection phase. Of course, it is crucial not to lose
the atom during the Rydberg dynamics, i.e. the recapture probability must be the
closer to 1 as possible. In this context, we simulated the free space evolution of
the wavefunction describing the atom and then calculated the probability to re-
capture it in the tweezer. The eigenstates of the atom in the Gaussian potential
were approximated to the eigenstates in a harmonic potential, that we report as
a function of the spatial coordinate and the quantum number n.

1 I mogd
Pho.(x,n) = (mw")4e‘ 2 Hn(x mw") (3.26)

V2ini \ wh 0

H, is the nth Hermite polynomial, wy is the trap frequency along the x direction,
m is the mass and 7 is the reduced Planck’s constant. The same expression can
be written for the y and z coordinates too. In the following we consider the x
coordinate as the radial one and the z as the axial. The two directions differ be-
cause the confinement is much tighter in the radial coordinate than the axial. In
particular we consider an optical tweezer with power depth P=2 mW and waist
wr =1 um, corresponding to a trap depth of —83.3 yK and trapping frequencies
wy = 21-25.8 kHz w, = 27t- 4.7 kHz. This means that in the harmonic oscillator
approximation the radial coordinate has more than 60 energy levels available,
while the axial coordinate has more than 300 levels. When the atom is released,
we calculate the time evolution in free space using the integral form [44] in equa-

tion (3.27):
(x,t) it (x’,0)e” (ET’;’)2 ' ( )
P(x,t) = o P(x,0)e dx 3.27

By applying this propagator to the harmonic oscillator eigenfunctions we get
their time evolution. It is important to consider now two distinct cases, the first
for a system at zero temperature and the second at finite temperature (in our case
we use the MOT temperature T=1 uK). At zero temperature only the ground state
of the harmonic oscillator trap will be occupied and we have to calculate just one
propagator. After a time t the trap is switched on again and the recapture prob-
ability is calculated by projecting the evolved wavefunction to the eigenfunctions
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Figure 3.15: Recapture probability as a function of time in the case at zero temperature
and finite temperature.

of the harmonic oscillator. As for the radial direction we have approximately 60
levels contained in the trap and we obtain a coefficient c; for the projection of the
evolved wavefunction to all of these levels. The square modulus |c;|* gives the
probability to find the atom in the i-th energy level, so the total probability to
recapture the atom in any of the levels of the trap is given by:

N
Precapture(T =0)= Zlcilz (3.28)
i

We consider here a simplified version of the problem, taking into account
the time evolution for just one spatial coordinate. In particular, we consider the
evolution for one of the radial coordinates, having a larger trapping frequency.

In the blue plot in figure 3.15 the probability to recapture the atom at T=0 is
plotted versus the release time. This plot presents a range of release times up to
20 ps for which the atom is always recaptured. The temperature dependence is
nontrival, so we had to repeat the procedure described above for different initial
states to calculate the recapture probability for different evolution times.

In the finite temperature case the atom is not only in the ground state of the
trap, but it can be found in the excited states as well with a probability given by
the Boltzmann distribution:

1 E, ~ 1
Pn = zexp{—kB } E, = hiwy (n+ 2) (3.29)

where p, is the probability to find the atom in the n-th level whose energy is
described by E, for a harmonic oscillator, and Z is the partition function. For
the simulation of the recapture probability at T=1 uK we impose a cutoff to n=5,
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hence considering only the ground state and the first five excited states as starting
wavefunction. We chose the cutoff to neglect all the initial states with probability
Pn < 2#1073. The time evolution of the harmonic oscillator eigenstates from n=0
to n=>5 are calculated using (3.27) again and each of them is projected onto the
trap eigenfunctions to obtain the coefficients c;;, where the j index runs over the
six initial eigenstates and i over the final ones. The recapture probability is now
a sum weighted by the p, coefficients:

5 N
Precapture(T = 1,uK) = ZZlcijlz (3.30)
=0 1

This probability plotted in yellow in figure falls down faster than in the zero-
temperature case. The maximum release time that allows for the recapture with
P~1 is reduced to approximately 10 us, but the important aspect is that it is still
possible to recapture the atom if this is released for a time small enough.

Obviously, in the 3D case the recapture probability will be smaller, because
the free-space evolution contributes for all the three coordinates. Assuming a
3D isotropic harmonic oscillator and neglecting the effect of the gravity, the total
wavefunction can be factorized:

10,30(%Y,2) = Po(x)1ho(y)Po(2) (3.31)

Since every one dimensional wavefunction evolves independently following the
time evolution described in equation (3.27), also the integral that gives the over-
lap between the evolved 3D wavefunction and the eigenstates in the harmonic
oscillator can be factorized, thus obtaining the product of three equivalent con-
tributions. Following this qualitative argument, the plot of the recapture prob-
ability in the 3D case could be obtained by the one in figure 3.15 just by taking
its third power. Hence, if the 1D recapture probability were of 90%, the corres-
ponding recapture probability should be this probability cubed, that is the 73%.
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Chapter 4

Acousto Optic Deflectors

Acousto Optic Deflectors are devices that make use of the interaction of light and
acoustic waves in crystalline materials to deflect an incoming laser beam at an
output angle that depends on the frequency of the acoustic wave [45, 46]. An
AQOD consists of mainly two elements, a piezoelectric transducer and a crystal.
These two elements are bonded in such a way that a vibration generated from
the transducer propagates along the crystal. A RF signal inputs the piezoelectric
transducer via an RF matching circuit thanks to which an electric signal is con-
verted to a sound wave in the medium. The sound wave forms a grating which
can diffract an input laser beam. Typically, AODs are constructed in such a way
to deflect most of the light in a single order of diffraction, whose output angle is
proportional to the frequency of the RF signal. This is the so called Bragg regime
for an acousto-optic device, in analogy with Bragg’s diffraction in crystals, that
occurs when the Klein and Cook parameter Q is much more than 1 [45]. The Q
parameter can be expressed as:

Q= —szoL (4.1)
nA“cosH,

where Ay and A are the laser and acoustic wavelength respectively, L is the thick-
ness of the crystal medium, n is the refraction index and 6, the angle of incidence.
The Q value in the case of our AODs, obtained by substituting the parameters
of the device taken from the datasheet, is equal to 136. The Bragg interaction
between a photon of the optical beam and a phonon of the acoustic wave is con-
veniently represented in momentum space for which, by imposing energy and
momentum conservation, it is possible to express the momentum of the deflec-
ted photon kg as the sum of the initial momentum k; and the phonon momentum
K:

kd = ki +K (42)
The amplitude of the phonon momentum is given by
K = 2ksin(60g) (4.3)

where the Bragg angle Op represents the angle between the momenta k; and K,
as described in figure 4.1

A
_ein-1{ 20
Op = sin (2/\) (4.4)
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Figure 4.1: Bragg and deflection angles identified by the directions of the momentum
vectors.

In the expression 4.4 1 is the optical wavelength in free space and A the acoustic
wavelength. Considering a laser beam incident on the crystal at the Bragg angle,
the angle of the deflected beam will be its double:

f
QD = 29]3 = —/\0 (45)
\%

where the acoustic wavelength is substituted by the ratio v/f between the sound
velocity in the crystal and the RF frequency. The deflection angle is referred to
the direction of the zero order beam. Equation 4.5 shows the linear dependence
of the deflection angle on the RF frequency f. Three main characteristics of an
acousto-optic deflector are the bandwidth, the diffraction efficiency and the time
aperture. The angular bandwidth represents the total angular region that can be
spanned varying the radio frequency and can be expressed taking into account
equation 4.5:

AoAf

v

AO = (4.6)

where Af is the frequency bandwidth. The resolution angle, instead, is given as
a function of the optical aperture (or beam diameter if this is smaller than the
aperture) D:

A = % (4.7)

The number of spots that can be resolved simultaneously are thus given by the
ratio between AO and A¢:

A0 AD

N = E = v TAf (4:8)

Lastly, the frequency resolution is the ratio between the frequency bandwidth
and the number of resolvable spots:
Af 1

fres=—=— 4.9

res N T ( )
Bandwidth and time aperture determine the angular span and the resolution of
a single spot available for a specific device and are discussed in chapter 5. We
characterize the diffraction efficiency of the AODs in the following sections.
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4.1 RF source

The Rf signal that is used to drive the piezoelectric actuator can be produced by
different sources. We chose to use a programmable device, an Arbitrary Wave-
form Generator (AWG). All the measurements and characterizations presented in
the next section have been performed with an AWG model SDG 6022X manufac-
tured by Siglent. An arbitrary waveform generator is an instrument that can pro-
duce a wide range of different waveforms. These arbitrary waveforms are based
on stored digital data that describe point-by-point the desired voltage levels of
the output signal. The possibility to create an RF signal of arbitrary shape al-
lows for the realization of many patterns diffracted from the AOD, both static
and dynamic ones. If the RF signal is composed of one single sine at frequency
f, the AOD deflects the input beam into one single deflected beam whose output
angle can be calculated with equation 4.5. An AWG can also be used to produce
multiple deflected beams to obtain a complex pattern: this device can be easily
programmed to produce the waveform corresponding to a sum of multiple sines
at the desired radio frequencies such that the AOD deflects one beam for each fre-
quency component of the RF signal. More complicated schemes can be realized
by programming the AWG but, in some of the easiest cases, also built-in stored
waveforms or modulation can be used successfully. In the following subsections
two kind of tests on our RF source are described. We analyze in particular the
effect of the finite number of points, that is a common characteristic of all the
arbitrary waveforms that can be generated with the device.

4.1.1 Discretization of a sine and a sum of sines

We observed the output of the AWG with a spectrum analyzer in order to gain in-
formation about the spectrum of the RF signal. In particular, we used the AWG’s
software to map sine waves (or sum of sine waves) onto arbitrary waveforms,
that are none other than a sequence of discrete digital values sampled from the
desired analytic function. We ask ourselves which is the the minimum number of
points needed to represent a sine wave in a discrete way. We then draw sine wave-
forms using a varying number of points describing one period. The waveform is
then repeated periodically by the AWG. The discretization of a waveform causes a
distortion of it that introduces second harmonics and undesired frequency com-
ponents in the RF signal. In figure 4.2 I report the frequency spectra of two sine
waves at 1 MHz with different number of sampling points per period, in partic-
ular 3 points for the blue trace and 100 points for the yellow one. The spectra
are measured with a USB-SA44B Signal Hound model spectrum analyzer. Three
points is the smallest number of points that we need to sample a period of a sine
wave. This causes anyway an undersampling for which the spectrum (blue curve)
shows many more frequency components, among which a second harmonic that
is just a few dBm lower than the carrier frequency. On the other hand, when
the number of samples per period is increased to 100 (yellow trace), the number
of spurious frequency components is extremely reduced. Having a high num-
ber of frequency components as in the blue spectrum may be detrimental for



54 CHAPTER 4. ACOUSTO OPTIC DEFLECTORS

O T
— -20; 3pts ||
é 100 pts
o ~40r 1
©
=
3 _gol
E 60
‘F'y.'l _I*L|.‘ '
_ 80 | % J] l\lp.‘I , , , ]
th’,' ol I'JNY ! o i"h:'q W.l' 1% m "”l‘r',' FJ"”;‘}"J‘\) .‘r“\"\:ﬁl‘—i ﬁ[‘ H

0.0 05 1.0 15 2.0 25 3.0
f [MHz]

Figure 4.2: Generation of a digitally sampled sine wave: sin(2mx).

the experimental setup. The presence of unwanted frequency components with
a power level comparable to the carrier may produce additional undesired de-
flected beams. In addition, the presence of frequency components with high RF
power outside the bandwidth of the matching circuit of the AOD may be harmful
to the instrumentation.

If we complicate the waveform produced by the AWG, for example a sum of
nine sine waves spaced by ten kHz, we get the spectra reported in figure 4.3. The
waveform is the sum of of sin(27 - 100x)+sin(27 - 101x) and so on up to 109. The
periodicity of such function is the least common multiple of the periods of each
sine wave. During this period, each components oscillates for 100, 101,...,109
times. We compare this time a number of samplings equal to 300 and 1000 per
period of the total waveform. This means that every oscillation of each frequency
component will be sampled with 3 to 10 points. These complex functions with
around 100 oscillations per each frequency component are generated by the AWG
with a frequency of 10 kHz, so that the frequency of each sine frequency compon-
ent is around 1 MHz. Sending such a waveform to the AOD produces nine static
deflected beams. In figure 4.3a the spectra for both 300 and 1000 samplings are
almost equal, while in figure 4.3b where a wider range of frequencies is shown
we notice an important difference, since the signal with 300 sampling points per
period is characterized by very high peaks corresponding to the second harmon-
ics of the signal. It’s now necessary to scale up these frequencies to match the
working range of the AOD. In order to do this, we increase from 10 kHz to 1
MHz the frequency at which the waveform with 9 frequency components and a
sampling of 300 samples per period is generated, so that the total frequencies are
scaled up to 100,.,109 MHz. As we have seen, with a sampling of 300 points per
period the second harmonics are non-negligible. Nevertheless, these frequencies
fall above 200 MHz, outside the bandwidth of the AOD, so they introduce no
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Figure 4.3: Short and wide range spectra for a complex sum of sine waves.

additional unwanted deflected beams. Moreover, the second harmonics can be
filtered out with a low-pass filter, which would also avoid to cause damage to the
instrumentation due to mismatching with the RF circuits of the AOD.

Generation of time-dependent waveforms

AWGs allow also to generate a time dependent waveform, in which for example
two frequencies are alternated during the period of the waveform. We can draw
the waveform to produce for half the period a sine wave at frequency f; and in the
second half a sine wave at frequency f,. This is the technique that we used to cre-
ate time-averaged potentials, and consists in a piecewise function with adjustable
duty cycles. This technique is very flexible because we can adjust the number
of blocks composing the piecewise function and also the duty cycles. Its main
downside is the presence of second harmonics, just like in the case in figure 4.3b.
In the case of the specific AWG that we employed in our measurements and char-
acterizations, this kind of time dependent function which alternates between two
different frequencies can be generated by means of the buil-in FSK modulation
(Frequency-Shift-Keying). In figure 4.4 the spectra produced by the custom time
dependent modulation versus the FSK one are compared in a wide frequency
range. In both the cases the RF frequency component is alternated between 90
and 110 MHz at a frequency equal to 100 kHz. The FSK modulation avoids the
presence of second harmonics, that instead are present in the custom waveform
spectrum, but can only switch between one single couple of frequencies. The
switching among many frequency components or duty cycles different from 50%
are achievable with the software generated modulation only.

Figure 4.5a shows instead the peak at 110 MHz with a span of 1 MHz. There
is a good agreement between the spectra of the two different methods, with the
yellow trace, relative to the custom generated waveform, being approximately
5 dB below the blue trace of the FSK method, due to the presence of second
harmonics with respect to the FSK method. Moreover, some key frequencies seem
to work better and produce less harmonic distortion in the vicinity of the carrier,
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Figure 4.5: In the vicinity of the carrier frequency the two methods present differences.
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while others both change the carrier frequency of a few tens of kHz (the carrier
is in the 100 MHz range) and produce much more frequency components, as we
can see in figure 4.5b. To conclude, this analysis shows that the FSK modulation
is characterized by a a cleaner frequency spectrum, and it is to be preferred if
the switching regards two sine frequencies only. The custom waveform, instead,
will be used in case a more complex time-dependent waveform is necessary, for
example for the switching between more than two frequencies or between arrays
of frequencies.

4.2 Static characterization

4.2.1 Diffraction efficiencies of the AODs @813 nm

In this subsection I will describe the characterization of the diffraction efficiency
for the two AODs that we use for the generation of optical tweezers arrays. The
AODs (DTSX-400-810 manufactured by AA Optoelectronic) are designed to work
in a wavelength range around 810 nm with a nominal central frequency of 101.5
MHz. We choose to employ 813.4 nm laser light generated by Matisse Sirah Ti-
tanium Sapphire laser for the creation of optical tweezers. This corresponds to
the magic wavelength for the 'Sy —2 P transition of strontium, and this choice
will allow for the exploitation of the >Pj clock state as an additional degree of
freedom (see chapter 2) in future experiments. In the final setup the two AODs
will work in pair, just like two brothers. For this reason we labeled them with
the nicknames Mario and Luigi, that are the devices used for the horizontal and
vertical deflection of the laser beam, respectively. These names will be used in
the following part of this thesis to identify the AODs.

We performed the characterization of the diffraction efficiency in several align-
ment configurations. Each set of measurements was performed tabulating the
power measured with a power meter versus the RF frequency injected in the
AOD. The "deflected” power was then divided to the power value before the
AQOD, in order to obtain an efficiency value.

With this measurement we want to characterize the maximum achievable ef-
ficiency at each diffraction frequency value. The optimal efficiency for Mario,
showed in figure 4.6 largely exceeds the 90% for many RF values, within 83 and
124 MHz, a range compatible with the working range declared in the datasheet.
The efficiency curve is slightly asymmetrical and falls down rapidly for frequen-
cies below 80 MHz. The plateau of maximum efficiency is remarkably flat. Very
similar results were obtained also for the second AOD, Luigi, as shown in figure
4.7.

The efficiency is strongly dependent on the alignment of the AOD and its tilt-
ing had to be changed significantly in order to diffract the laser beam with the
maximum efficiency. Since the device will be used in a static alignment configur-
ation, we must determine the best tilting of the AOD.

In the final configuration it will not be possible to adjust the alignment of the
AQODs for every frequency, so it is necessary to find the alignment condition with
the optimal efficiency over the whole bandwidth of the AOD. I then performed
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Figure 4.6: Plot of the best diffraction efficiency obtainable as a function of RF frequency
for Mario AOD.

e (o2} o]
o o o

Efficiency [%]

N
o

70 80 90 100 110 120 130 140
Frequency [MHZ]

Figure 4.7: Plot of the best diffraction efficiency obtainable as a function of RF frequency
for Luigi AOD.
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Figure 4.8: Plot of Mario diffraction efficiency obtained for configuration that maximize
the diffraction efficiency at particular RF frequencies.

four more sets of measurements with a fixed AOD alignment: before each meas-
urement the alignment and tilting of the AOD was adjusted in such a way to
maximize the diffraction efficiency for one particular value of the RF frequency.
First of all, the diffraction efficiency was optimized for an RF frequency at the
center of the bandwidth of the device (100 MHz). Then, The procedure was re-
peated for frequencies at the edges of the bandwidth (84-86 MHz and 114 MHz).
Finally, I repeated the measurements maximizing the output power efficiency in
the configuration of the AOD for an intermediate frequency (108 MHz).

In figures 4.8 and 4.9 the diffraction efficiency curves for Mario and Luigi are
reported, respectively. As specified in the plot legends, the plots are referred to
four different optimizations performed spanning different RF values within the
AQOD range. The blue plot configuration (100 MHz) has a maximum efficiency
at the center of the range, around 100 MHz. The efficiency of the two config-
urations in which the two AODs are aligned at the extremes of the bandwidth
are plotted in yellow (84 MHz for Mario, 86 MHz for Luigi) and green (114 MHz
for both the devices) and, differently from the blue curve, shows two maxima
of efficiency at the edges of the range. These two edge configurations guaran-
tee a much wider bandwidth than the previous one but they lack efficiency in
the center of the bandwidth. In order to find a compromise capable to grant a
large bandwidth with a profile as flat as possible, we tested an intermediate con-
figuration in which the AOD is aligned to maximize the efficiency at 108 MHz.
The plots show the same behaviour for both the AODs, so the previous analysis
is valid both for Mario and Luigi AODs. Remarkably, all of the curves show a
low-frequency cutoff at the same frequency (approximately 76 MHz), while the
high-frequency side starts to fall down at rather different turning points. In the
set of measurements, the RF amplitude was fixed at the beginning of each set to
the value that maximized the deflected laser power at the frequency for which
the alignment was optimized. In particular, we set the RF amplitude for Mario
measurements to 0.7 dBm for the 100 MHz configuration, while the amplitude
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Figure 4.9: Plot of Luigi diffraction efficiency obtained for configuration that maximize
the diffraction efficiency at particular RF frequencies.

was 1 dBm for all the other configurations (optimization @ 84 MHz, 108 MHz
and 114 MHz). As for Luigi, the RF amplitude was set to 0.5 dBm for th 100 MHz
configuration and 1 dBm for the other three.

In the following characterizations of the tweezers we employed the middle
ground configuration (optimization for the RF frequency of 108 MHz) because it
guarantees uniform diffraction efficiencies above 90% over a range of 20 MHz.
This is an important feature in case the AOD driven with a RF signal with mul-
tiple frequencies is used to generate an array of optical tweezers. Indeed, the
depth of each tweezer will depend on the efficiency at each frequency value,
hence a flat efficiency curve is required to obtain an uniform tweezer array. An
uniform efficiency curve is then a good starting point for the implementation
of feedback procedures, which are anyway required in order to obtain perfectly
uniform arrays (see chapter 2).

4.2.2 Efficiency dependence on the RF power

In this subsection the diffraction efficiency of the AODs is studied as a function of
the RF amplitude. Mario and Luigi were tested one by one and the measurements
were taken in several zones of the bandwidth. In particular we tested them for
the central frequency (101.77 MHz for Mario and 102.2 MHz for Luigi) and on the
edges of the bandwidth, at 82 MHz and 118 MHz for both the AODs. This kind
of measurement is a useful step for the implementation of feedback operations,
whose goal is to flatten the efficiency curve for all the frequencies to a desired
value.

These measurements are complementary to the the previous characterization:
here we fix one particular frequency of the driving RF signal and change the
amplitude in a logarithmic scale (dBm), from -20 to 1 dBm. At the same time
we measure the output laser power and the input one (after and before the AOD)
with a power meter, and calculated the diffraction efficiency as the ratio between
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Figure 4.10: Diffraction efficiencies in logarithmic scale obtained for both Mario and
Luigi in the central frequencies configuration (f\;=101.77 MHz and f; =102.2 MHz).

these two quantities, as in the previous subsection.

Measured efficiency values are shown in figure 4.10. The efficiency increases
for increasing values of RF power up to a plateau, that is reached for RF amp-
litudes above 0 dBm. These measurements are important because they represent
the first step in the implementation of the feedback algorithm. The power amp-
litude assigned to every RF frequency component can indeed be calibrated using
these curves.

In particular, considering a pair of diffracted beams that is generated by an
AOD driven by a two frequency components RF signal, it is possible to modulate
the amplitude of the frequency component in order to flatten the diffraction ef-
ficiencies to a common value, as depicted in figure 4.11. The amplitude of the
two deflected beams are measured on a camera. It is possible to act on the RF
power of one of the two components to change the efficiency of that specific spot
accordingly to figures 4.10. Supposing that both the RF frequency components
are generated for the RF power that maximizes the efficiency, increasing further
the amplitude of the lower efficient frequency component results in no advant-
age. Hence, the amplitude of the higher efficient frequency component has to
be decreased. In the block scheme reported in figure 4.11, the amplitude of the
yellow tweezer is the 70% of the blue one, so the RF power of the frequency
component corresponding to the blue spot is decreased in order to decrease the
efficiency to 70% the maximum value, exploiting the plots in figure 4.10. The
amplitude of the pair of tweezers, measured again onto a camera, should now be
approximately the same.

This correction could, in principle, be determined a priori in order to flat-
ten the efficiency curves in figures 4.8 and 4.9 for a wide range of RF frequency
components, by exploiting the conversion from efficiency to power amplitude
described in the example above. Such a procedure is presented in the scheme in
figure 4.12, where the efficiency curve of Mario as a function of the RF frequency
in the case of the alignment for 108 MHz is considered. Exploiting the depend-
ence of the efficiency on the RF power, the efficiency curve can be flattened in
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Figure 4.11: Blocks scheme for the realization of the feedback loop on the amplitudes of
a pair of deflected beams.

1007

80}

60

40}

Efficiency [%]

20¢

%o 80 90 100 120

Frequency[MHz]

110
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Figure 4.13: Diffraction efficiencies in logarithmic scale. Data are normalized to the
maximum value of each corresponding set.

principle by using different RF power for each frequency component, taking all
the efficiencies in the desired range to the same value. The range of frequency
components considered determines the target efficiency, since all the efficiencies
in that range have to be decreased to the lower efficiency value, for the reasons
explained above. In the case of figure 4.12 the original efficiency curve (blue
plot) is converted into a new efficiency curve (yellow plot) for which the diffrac-
tion efficiency is constant in the central frequencies region, from 80 to 116 MHz.
The larger is the frequency range for which the efficiency has to be flattened, the
smaller is the constant target efficiency value.

In the flattening procedure described above, only the power dependence at
central frequencies reported in figure 4.10 was considered. In figure 4.13, meas-
urements taken for a few different RF frequency values are shown. The efficiency
curves are normalized in order to point out the differences of different curves
measured for the same AOD, both for Mario and Luigi. Since the correspond-
ence is not perfect, the flattened efficiency curve will show slightly fluctuations
around the constant value. In order to obtain a perfect amplitude correction, the
RF power of each frequency component should be corrected using the efficiency
curve as a function of the RF power specific for that frequency value. Measuring
these curves for every frequency value is too demanding, and typically more com-
plex feedback procedures are exploited in order to get an uniform array. Anyway,
this simple method is expected to reduce the discrepancies in the efficiency of
different frequency components and it is so a good starting point for the gener-
ation of a uniform 1D array of optical tweezers. The procedure described above
can be used in case a single AOD is used to generate the array of optical tweezers,
i.e. for the generation of linear arrays with arbitrary geometries. Nevertheless,
the situation is more complex in case a pair of AODs is used to generate a two-
dimensional array. In this case the depth of each OT depends on the efficiency of
both the AODs in a nontrivial way, as it will be shown in the following sections.
In this case the feedback procedure described above is no longer usable, and a
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Figure 4.14: Experimental apparatus for the characterization of the diffraction efficiency
produced by a pair of perpendicular AODs.

more complex procedure is required.

4.3 Static characterization of two crossed AODs

In this section the case in which a pair of crossed AODs are used to deflect a
beam, or multiple beams, in a 2D plane is analyzed. The AODs are placed in the
configuration shown in figure 4.14, that is a simplified version of the final setup
presented above in figure 3.1. The pair of devices are separated by a 1:1 telescope,
whose role is to match the two devices and avoid distortions in the final deflected
beam. The first AOD along the optical path is Mario and is oriented horizontally
to produce the deflection along the horizontal axis. The second AOD, Luigi, is
instead oriented vertically.

The first test is a direct measurement of the efficiency of the couple of AODs
for different combinations of frequencies components on the two channels. In
particular, I measured the power before the first AOD and after the pair of devices
for 36 combination of frequency over the two channels. For each AOD the fre-
quency spans the range 80-130 MHz at 10 MHz steps.

The resulting plot for the first measurement is the 6x6 matrix reported in fig-
ure 4.15. The sampling of the frequency values allows us to cover all the working
range of the AODs. The diffraction pattern is compatible with the single AOD
measurements, in fact the area centered in fy; =100 MHz, f; =100 MHz is the one
with higher efficiency. To create this map both Mario and Luigi were aligned in
such a way that the efficiency is maximum for fy; = f; = 108 MHz (see section 4.2
).

Since the x and y axes in the histogram in figure 4.15 correspond to the RF
frequencies of Mario and Luigi respectively, it is in principle possible to com-
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Figure 4.15: 2D diffraction efficiency map.

pare this 2D pattern with the single AOD’s efficiency just by selecting one row
or column, that will be corresponding to setting on Mario or Luigi one particular
frequency value. For example, since the AODs were aligned in the configuration
that produces the best efficiency at 108 MHz, we compare Mario’s efficiency with
the row corresponding to a fixed Luigi frequency, f; = 110MHz, that is the closest
tot 108 MHz. We then assume that the six values of diffraction efficiencies of this
row are simply the product of the individual efficiencies of the two AODs, in par-
ticular the efficiency of Mario at the six different frequency values multiplied by
the efficiency of Luigi at 110 MHz, as shown in equation (4.10).

n(fa fr) = 71(f) -7 (fL) (4.10)

In this case, the efficiency of Mario can then be retrieved by dividing each value
of global efficiency in the row of the 2D map by the efficiency of Luigi at 110
MHz. In a similar way, an efficiency curve of Luigi can be retrieved by consider-
ing the column of the 2D map corresponding at 110 MHz on Mario and dividing
each value of global efficiency by the efficiency of Mario at 110 MHz. The res-
ults of the comparison are shown in figure 4.16 for both Mario and Luigi. The
agreement is good but not perfect, and the efficiency of the single AODs in the
crossed configuration extrapolated from the 2D map is a little bit lower than the
efficiency measured in section 4.2 for the individual AOD configuration. This dis-
crepancy suggests that the behaviour of the coupled AODs cannot be described
as the product of two individual AODs. A possible explanation of this behaviour
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Figure 4.16: Comparison between single AOD efficiency and extrapolation out of the
crossed AODs efficiency.

could be the dependency of each AOD’s efficiency on the alignment of the other.
The plots relative to single AOD’s efficiency in figures 4.8 and 4.9, in fact, were
obtained lighting the crystal perpendicularly to its surface, while in this case,
especially for Luigi, the incident angle depends on the RF that drives Mario’s de-
flection. The channels are coupled and since the alignment of the devices has
relevant effects on the diffraction efficiency, as pointed out in the graphs in fig-
ures 4.8 and 4.9. The coupling between the devices, a topic that will be discussed
further in the next paragraphs, highlights the importance of characterizing also
the crossed AODs configuration as well as the characterization of the AODs alone.

4.3.1 Derivation of a continuous 2D efficiency map

In this subsection the characterization of a 2D efficiency histogram is extended to
the whole frequency range of the AODs. For reasons of time, to cover a 60 MHz
range in the two axis with 1 MHz steps we cannot measure manually the effi-
ciency of 60x60 points. The technique that we will try to use is to modulate with
a continuous linear sweep the driving RF frequency of both the AODs, taking a
picture of the square region with a camera. Then we will check the consistency
of the method comparing slices of this continuous distribution with efficiencies
measured directly for the 2D pattern. Finding a fast method for the measure-
ment of the efficiency of coupled AODs is fundamental because, since the map
is dependent on the alignment as pointed out in the paragraphs above, such a
characterization has to be done every time that the alignment of the devices is
changed, even in the final setup.

The setup used for this measurement, reported in figure 4.17, includes a
couple of lenses that are placed between the second AOD and the focusing ob-
jective, namely a tube lens and a scan lens. This pair of lenses has an important
role as it allows, together with the microscope objective, for the imaging of the
beam deflected by the crossed AODs to a CCD camera model DCC1545M man-
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Figure 4.17: Experimental apparatus for the characterization of the diffraction efficiency
produced by a pair of perpendicular AODs exploiting sweep modulations to realize a
continuous map.

ufactured by ThorLabs. In order to obtain a continuous 2D map of the crossed
AODs, we modulate the RF frequency on the two devices with a linear sweep to
cover the range from 72 MHz to 132 MHz. To guarantee that the map is traced
uniformly, we apply very different sweep rates on the two AODs, in particular 20
kHz on Mario and 30 Hz on Luigi. The moving diffracted beam is then projected
onto the CCD camera, whose role is to collect a time mediated image of the laser
spot spanning a 60x60 MHz square 2D plot. The exposure time of the camera
is set to 30 ms, the pixel clock to 5 MHz and the frame rate to the maximum
possible (29.7). In order to avoid aliasing or other systematic effects due to the
integration time, we finely tuned the sweep time of the modulation on the RF sig-
nal of the second AOD. We observed the real-time image captured by the camera
and continued tuning the sweep time until the image of the camera presented no
artifacts. Such a measurement, as shown in figure 4.18a, provides only inform-
ation on the number of counts of the camera and it is not a direct measurement
of the diffraction efficiency. Moreover, the spatial coordinates are measured in
terms of pixels and not in terms of RF frequencies, so they have to be converted
into corresponding frequency coordinates. In order to convert the x and y axes
into RF frequencies, and the counts of each pixel into diffraction efficiency, we
exploited another image taken from the camera in the same configuration of the
setup. This image, presented in figure 4.18b, contains four static spots at couples
of frequency, with driving frequency coordinates on Mario and Luigi (fy,f;) of
(90,90)MHz, (90,110)MHz, (110,90)MHz and (110,110)MHz. A fitting procedure
on the Gaussian spots allowed us to determine the center (in pixels) of the spots.
The difference of these pixel coordinates gives the spatial separation that corres-
ponds to a 20 MHz step. The conversion factor can be then calculated for both
the vertical (labelled with L) and horizontal (labelled with M) axes:

96.10 pixels pixels
= — =4.81 4.11
OMMT T30 MHz MHz (411)
. ixel ixel
convy = 95.98 pixels 4 80plxe S (4.12)

20 MHz ~~ MHz
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Figure 4.18: Steps for the realization of a continuous 2D efficiency map.

Considering the uncertainty on the spot center due to the pixel size, we assume
for both the vertical and horizontal directions the same conversion factor 4.8
pixel/MHz.

The same calibration image can be used for the conversion from number of
counts to diffraction efficiency. We measured directly the efficiency in two dif-
ferent position: first we measured with a power meter the diffracted power for
all the spots after the two AODs but before the focusing objective, then the same
measurement was repeated placing the power meter after the objective too. In
this way we are able to refer the final efficiency map to the efficiency after the
AODs but before the objective. The counts-to-efficiency conversion factor can be
obtained comparing the counts on the 2D map in figure 4.18a for the pixel cor-
responding to the four combination of frequencies for which the direct efficiency
measurements were performed. Figure 4.18b comes in help because the position
(in pixels) of the center of the four spots in this picture can be used to identify
the position of the four combination of frequencies also in the 2D map in figure
4.18a. Finally, the four values of the conversion factor calculated at each spot are
averaged in order to obtain a single value of conversion factor, that is reported
in equation 4.13. Actually, four ratios were obtained for each of these factors be-
cause four spots were used for this procedure, but since they were very similar I
report just the mean of the four values.

%
counts

raop = 1.510 (4.13)
The conversion factors from pixel to frequencies along x and y and the conver-
sion factor from number of counts to efficiency can now be used to extract a 2D
efficiency map from the image captured by the CCD camera of figure 4.18a. The
final efficiency map resulting from the conversions is plotted in figure 4.19.
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Figure 4.19: 2D efficiency map referred to the position before the AOD.

It is important to notice that such a plane 2D efficiency map is obtained by
finely optimizing the AODs alignment using the same criterion described during
the single AOD measurements, that is, by maximizing the output power for a 108
MHz signal that drives both the devices.

Validity of the method

Now that we have obtained the 2D map for the diffraction efficiency, we still have
to check whether this technique and all the assumptions we did give the correct
result. In order to validate the method we compare one single row/column of
the map in figure 4.19 with directly measured efficiencies. The direct measure-
ments were performed by fixing the frequency on one AOD and spanning the
frequency of the other AOD in the interval from 70 to 130 MHz. For every device
we fixed three different values of frequency, 85 MHz, 100 MHz and 115 MHz,
while varying the frequency of the other in order to obtain six efficiency curves
(each of them with 20 points) that correspond to three rows and three columns of
the 2D map. Thanks to the conversion of the axes of the 2D map into frequency
axes we are able to identify the rows and columns that correspond to 85, 100
and 115 MHz, that will be compared with the measurements obtained fixing the
frequency on the first and the second AOD, respectively.

In figure 4.20 I reported a few of these comparison plots, in particular select-
ing the two couples related to central frequencies (100 MHZ) for the two posi-
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Figure 4.20: Comparison between direct and indirect efficiency measurements for selec-
ted frequencies.

tions. In this case the comparison shows very good agreement, confirming that
using frequency sweeps and a camera is a valid method to characterize the effi-
ciency of the crossed AODs. This is an important result because from now on it
will be enough to repeat the procedure described in this subsection to draw a 60
MHz x 60 MHz continuous 2D efficiency map without any need to perform time
consuming direct measurements of several tens of values of efficiency, but it is
enough to measure a couple of them for calibrating the measurement.

Coupling between the channels

To conclude the characterization of the couple of crossed AODs apparatus, I
tested the coupling between the two devices. In particular, I compared normal-
ized rows or columns of the map in figure 4.19 for different frequency values.
If the channels were decoupled, then the total diffraction efficiency could be de-
termined directly, knowing the single AOD’s efficiencies, as described in equation
4.10. Consequently, we could expect that different rows of the 2D map have the
same shape, that is only determined by Mario’s diffraction efficiency, and they
differ just for a scaling factor that is Luigi’s efficiency for the particular frequency
corresponding to that specific row. This argument is also valid for the comple-
mentary situation, when different columns are compared. In figures 4.21a and
4.21b we show four normalized sections, respectively for rows and columns.

Figure 4.21a reports four efficiency curves of Mario at four different fixed fre-
quencies on Luigi. Each trace is then normalized to its value at the center of the
trace, for fy; = 100MHz, and analogue argument is repeated for the picture 4.21b
in the complementary case in which the frequency driving Mario is fixed.

The shape of these curves is quite similar in the range up to 110 MHz, while
beyond this value the sections at 120 MHz are quite different in both the plots.
This result can be interpreted as the presence of coupling between the devices.
This result is in agreement to what we found in figure 4.16, as some sort of coup-
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Figure 4.21: Test on the coupling of the devices.

ling between the crossed devices is pointed out again. By the way, the presence
of coupling, that is the reason why equation 4.10 is not exactly satisfied, is not
surprising. During the series of measurements, we noticed that the 2D profile’s
efficiency is strongly dependent on the alignment of the AODs and it is possible
to find configurations in which the coupling is higher than the one used for this
measurement, that instead minimized the cross-talks. The fact that the efficiency
of one AOD depends on the other one becomes clear if we think that whether we
fix the frequency on Mario and observe the total span of Luigi bandwidth or vice
versa, there is always a dependence on the incidence angle of the beam deflec-
ted from Mario that shines Luigi. Let’s consider the case in figure 4.21b, where
we consider four different fixed frequencies on the first AOD: each of these val-
ues will give a different incidence angle and, since the efficiency depends on the
alignment of the apparatus, the total efficiency contribution will be affected.

This is the reason why a feedback procedure to flatten the amplitudes of mul-
tiple optical tweezers placed in a 2D array is a much more complicated task
with respect to the procedure described in subsection 4.2.2 for a one dimensional
problem.

4.4 Dynamic characterization

In this section I will report the characterization of the dynamical properties of
the AODs. First of all, we characterize the rise time for different beam sizes and
study the role of transient effects. Then, the real time dynamics of a deflected
beam is described, with particular attention to the effect of the finite velocity of
the acoustic wave in the AOD crystal. To conclude, the analysis of the amplitude
modulation of the deflected beam during a fast switching is reported.
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Figure 4.22: Superimposed plots of the measured signal and the Gaussian cumulative
distribution function calculated for a 1 mm beam waist and vy=650 m/s.

4.4.1 Rise time and transient effects

The first dynamic characterization of the AODs regards the rise time of the sig-
nal of a deflected beam. The RF signal driving the AOD is suddenly switched
on, thus producing a deflected beam at a certain angle. Since the propagation
of the acoustic wave in the AOD crystal takes place at a finite velocity of vy, we
study the dynamics of the switching on of the deflected signal by recording it
on a photodiode that is connected to an oscilloscope. In particular, our AODs
are based on a TeO, crystal for which the sound velocity provided by the data-
sheet is vy =650 m/s. The sensor of the photodiode, a PDA36A2 manufactured by
ThorLabs, is larger than the size of the beam, in such a way that the measured sig-
nal corresponds to the whole beam. In particular we implemented a laser beam
of approximately 1 mm, while the sensor is a square with 3.6 mm sides. The
photodiode integrates the signal of the deflected Gaussian beam over the spa-
tial coordinates. The function describing the spatial integral of the intensity of
a Gaussian profile can be approximated to the cumulative distribution function
of the Gaussian beam [47]. In figure 4.22 the cumulative distribution function
(CDF) of the Gaussian beam, calculated for a beam waist of 1 mm, is superim-
posed to the trace captured on the oscilloscope. The yellow trace, corresponding
to the CFD of a Gaussian profile in the time domain, is then obtained by convert-
ing the original space domain CDF using the velocity of the acoustic wave in the
crystal. This conversion to the time domain assumes that the motion equation
of the sound wave in the crystal is a uniform motion at constant speed vy=650
m/s. The yellow curve is in good agreement with the measured data in the blue
plot, suggesting that the hypothesis of a sound wave propagating in the crystal at
constant velocity is a good approximation of the real physical behaviour.
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Figure 4.23: Apparatus used for the dynamic characterization. A photodiode (PDA8A2)
is placed onto a translation stage that allows us to move the sensor and observe different
portions of the beam. The pair of lenses f1 and f2 placed before the AOD allow us to
change the dimensions of the beam entering the AOD. Different pairs of lenses are used to
obtain the different beam sizes exploited for the measurements described in this chapter.

We now investigate the dynamical behaviour of the AOD for different sizes of
the laser w(z] of 1 mm, 2 mm, 0.5 mm, 0.25 mm and 0.1 mm, measured at the po-
sition of the AOD. Figure 4.23 shows the experimental apparatus used for this set
of measurements: a telescope allows us to change the size of the laser beam that
passes then through the AOD which deflects it, and the light is collected with a
photodiode. For every beam size measurement we place a telescope in the optical
path, measure the waist of the beam with a camera and then we place the AOD
in the position corresponding to the waist. Then, we use a photodiode with a
large active area (PDA36A2, manufactured by ThorLabs) to measure the risetime
of the signal of the deflected beam in such a way that the whole beam is con-
tained in the sensor. After that, we exploit the photodiode represented in figure
4.23 (PDA8A2, manufactured by ThorLabs) that has a small sensor, to collect the
signal of just a portion of the laser beam. The photodiode is placed onto a trans-
lation stage and can be moved perpendicularly to the propagation axis (z) of the
beam to observe different portions of it. In this second part of the measurement
we record the delay time between a time reference and the time in which the
signal of the particular portion of the beam observed rises. This delay time will
be compared with the spatial displacement of the photodiode on the translation
stage in order to retrieve the shape of the laser beam inside the AOD. The delay
time is measured considering the time at which the signal reaches half of its max-
imum. The RF signal that drives the AOD is a sine waveform at fgg = 110MHz
modulated with a square wave at 100 Hz that is generated by an arbitrary wave-
form generator (AWG). The reference time used for the delay time measurements
is the time at which the square wave modulation switches its value.

First of all, we present the measurements relative to the rise time of the deflec-
ted beam signal for different beam sizes. In general the rise time corresponds to
the time necessary to the signal to go from the 10% to the 90% of the maximum
amplitude. The signal recorded by the photodiode is then the cumulative distri-
bution function of the Gaussian beam intensity, hence the rise time corresponds
to the time necessary for the sound wave to travel from the position for which
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the CDF is the 10% to the position in which the CDF is the 90%. The distance
between these two points, d, can be calculated for all the different beam sizes. It
is possible to estimate the expected rise time considering the ratio between d and
the sound velocity in the crystal.

T~ —
VS

(4.14)

In table 4.1 we report the measured beam waist both along the x and y directions,
the rise times expected from equation 4.14 and the measured ones. The sound
velocity used for the conversion takes the usual value v;=650 m/s, taken from
the datasheet. The measured rise times are in good agreement with the estimated

Waist (x) [pm] | Waist (y) [um] | d[pm] | Exp. rise time [ps] | Meas. rise time [pus]
1229+4 1146+4 16575 2.549+0.008 2.56+0.10
221944 202845 2929+6 4.506+0.009 4.54+0.10
540+5 537+5 7717 1.186+0.011 1.17+0.10

288.3+0.5 269.4+0.5 445.1+£0.7 0.6848+0.0011 0.55+0.10
115.1+1.2 96.5+1.2 215+2 0.331+0.003 0.26+0.10

Table 4.1: Rise times for different beam waists

ones for the three larger beam waists. The rise time values measured for the small
laser beams are smaller than the expected ones. Nevertheless, the measurement
for the 0.1 mm is still consistent with the predicted value. On the other hand, the
measurements for the 0.250 mm beam are not consistent.

4.4.2 Study of transient times for different beam sizes

In this subsection we describe the second part of the measurements introduced
above, the ones regarding the delay times. Delay time measurements are used to
give an indirect measurement of the beam waist size in the position, along the
propagation axis, where the AOD is placed. We measure the delay time as the
time difference between a given starting point (in our case the time in which the
AWG'’s square wave modulation switches from zero signal to a sinusoid at 110
MHz) and the time at which the signal measured on the photodiode rises. The
photodiode can be moved perpendicularly to the propagation axis of the beam
and has a small active area, in such a way that we can observe different portions
of the deflected beam. The value of the sound velocity taken from the datasheet,
vs=650 m/s, is used to transform the time delays into spatial coordinates. In this
way it is possible to reconstruct the beam profile inside the AOD. By plotting
the maximum amplitude of the signal against its corresponding delay time for
different displacements of the photodiode on the translation stage it is possible
to perform a Gaussian fit. The fit performed after the conversion of the time
delay coordinate into a spatial coordinate gives us an indirect measurement of
the beam waist. In figure 4.24 a couple of these Gaussian fits are reported for the
beams with 2 mm and 0.1 mm waist. The indirectly measured beam waists are
shown in table 4.2 where they are compared with the values measured directly
with a camera. The agreement between direct and indirect estimate is good. The
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(a) Gaussian fit for 2 mm beam waist. (b) Gaussian fit for 0.1 mm beam waist.
Figure 4.24: Gaussian fit on the amplitudes data plotted against the spatial converted
coordinate.

Measured waist (x) [um] | Extrapolated waist (x) [mm]
1000 pm beam 1229+4 1.26+0.09
2000 pm beam 2219+4 2.06+0.19
500 ym beam 540.3+5 0.53+0.08
250 ym beam 288.3+0.5 0.20+0.10
100 ym beam 115.1+£1.2 0.11+0.04

Table 4.2: Comparison between waists determined with different methods: in the second
column the directly measured values are reported while in the third column we present
the waist values obtained by converting the time delay measurements.

indirect measurements are reported in mm because the error obtained from the
fit is larger. For little beam sizes the second method gives worse results, because
the delay time is not a monotone function of the displacement of the photodiode.
In particular, for large beam sizes the time delay increases going from one edge
of the beam to the center and then continues to increase going towards the other
edge. For small beams instead, in the second half of the beam the time delay
decreases again. In other words, the hypothesis that different sections that are hit
by the acoustic wave in the crystal at consecutive times propagate without ever
mixing falls down. In figure 4.24a the Gaussian function is fitted to all the points
of the data set, because the delay times increase monotonically with the spatial
displacement. In the plot relative to the 0.1 mm beam waist reported in figure
4.24b the Gaussian function is indeed fitted to just one half of the data. Such
an effect is probably due to the high divergence of the highly focused Gaussian
beam. Despite this problem, the Gaussian fit over just a part of the data gives a
good result.

In order to investigate in detail the behaviour of the time delay, in figure 4.25
the oscilloscope traces at different positions of the photodiode are plotted both
for a large (2 mm) and small (0.1 mm) beam sizes. The traces are labelled in
the legends with the corresponding displacement of the photodiode used for the
measurement. In figure 4.25a a Gaussian distribution is superimposed to the
traces. This curve is not a fit, but it is obtained using the real parameters meas-
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ured for the system (w=2119 pym) and the sound velocity of the acoustic wave
allows us to draw it in the time domain. This curve is a guide for the eye to point
out the different time delays and to underline its physical meaning.

Figure 4.25b shows the analogue graph for a 0.1 mm beam waist, for which the
time delay is no more appreciable, and it does not present a monotone behaviour.
The expected total delay time for this beam size would be around 300 ns.

Dependence on the position along the propagation axis

In figure 4.26 the same traces that were represented in figure 4.25b are repor-
ted introducing a fictitious delay time to separate them. The two effects that we
would like to understand is the apparently absence of a delay time and the pres-
ence of a spike that is more evident in fainter signals and seems to be asymmetric.
One possible explanation for the absence of the delay time is that when the in-
cident beam is small and focused, the delay time accumulated by every “slice”
of the beam profile compensates. The absence of a clear time delay could be ex-
plained considering that the AOD is placed exactly in the focus of the laser beam.
In such a configuration, different portions of the beam reverse and the time delay
compensates, in such a way that the time delay accumulated by each ray is the
same and it is not distinguishable from all the others. This inversion does not
happen if the AOD is placed away from the focus. In addition, if the ripple that
is visible especially in the signals of one side of the beam is due to the presence
of the actuator (that is indeed closer to one side of the beam than the other and
may induce an asymmetric behaviour), we expect to see it on the photodiode in
different sides of the beam depending on whether the AOD is placed before or
after the position of the waist. If the AOD is positioned after the focus, the side
ray that is closer to the actuator will remain on that side, while if this ray is first
deflected and then travels through the beam waist it will switch its position and
will be observed on the opposite side.

To test this hypothesis we performed a few more measurement on a laser beam
whose size in the beam waist is w, = 102um. We captured the traces of the rise
up of the signal placing the AOD in different position along the propagation axis,
and for every position three traces were taken, two at the sides of the beam and
one in the center. First of all we tried to place the AOD in the z coordinate cor-
responding to the beam waist, then we moved it 16.4 cm back and forth. Because
of the high focusing of the laser beam, its divergence is very fast and we have
to measure again the size of the beams in the second and third position. In all
the three pictures 4.27 the blue, yellow and green traces are related respectively
to the left, center and right side of the beam profile observed with the photodi-
ode placed on a translation stage, thus allowing us to distinguish them and to
point out possible different behaviour among the measurements. Furthermore,
the time scale is different in the three images so the distance between the traces is
different and depends on how close the AOD was positioned. We can extract two
important pieces of information from these pictures: first of all the hypothesis of
inversion between the sides of the beam profile is confirmed since the measure-
ments before and after the beam waist show the ripple in opposite positions: the
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(b) Different portions of the deflected beam have approximately the
same delay time for 0.1 mm beam waist.

Figure 4.25: Time-delay dynamics observed for two different beam sizes. The delay in-
troduced due to the finite propagation of the sound wave is clearly visible for a large
beam (2 mm), while it is not for a small beam (0.1 mm).
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Figure 4.26: Traces measured for different positions of the photodiode artificially shifted
to show their shape.

green trace in figure 4.27b shows the ripple and presents lower delay time than
the yellow and blue traces, while in figure 4.27c the green one has the higher
delay time and the ripple is shown by the blue trace. Since the ripple in the
measurement after the beam waist (figure 4.27b) shows up in the right tail of the
beam profile, this transient effect can be attributed to the acoustic wave investing
the first part of the beam encountered (the piezoelectric actuator in the AOD is
on its right side). In figure 4.27c the side that we identify as the "right side” of the
beam does not present the ripple, this meaning that in AOD’s crystal that was on
the opposite side with respect to the actuator and passing through the beam waist
the sides got inverted. As for the remaining picture (4.27a), the ripple appears in
the right tail, suggesting that the crystal position along the propagation axis was
still slightly beyond the beam waist. The difference between the two situations is
that in the picture 4.27a the AOD is very close to the beam waist position.

We can convert the measured delay time again into a spatial distance thanks
to the sound velocity and compare this distance with the measured sizes of the
laser beams. Figure 4.27b corresponds to the AOD placed 16.4 cm after the beam
waist, where the measured size of the beam is wy = 505um. The total delay time
between the two sides of the beam is approximately At = 780ns that corresponds
to a spatial size of 507 um (using 650 m/s for the conversion). Figure 4.27c cor-
responds instead to the AOD placed 16.4 cm before the beam waist, where the
measured size of the beam is w, =371uym. The total delay time between the
two sides of the beam is approximately At =550ns that corresponds to a spa-
tial size of 358 um (using 650 m/s for the conversion). The agreement is good,
even though just three points were considered for both the measurements. This
is valid also for small sizes of the laser beam unless the AOD is placed exactly in
the position corresponding to the beam waist. The 0.1 mm beam waist, in fact,
is subject to some sort of mixing of its parts that do not propagate in parallel
anymore.
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(c) AOD is placed 16.4 cm before the position corresponding to
the beam waist along the propagation axis.

Figure 4.27: Delay times compensate only when the AOD is close to the beam waist.
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Figure 4.28: Linear fit superimposed to the measured photodiode displacement plotted
versus the measured delay times.

4.4.3 Sound velocity in the crystal

In this subsection we exploit the dynamical effects of the AOD to measure directly
the sound velocity of the acoustic wave in the AOD’s crystal. In order to measure
the sound velocity we send an RF signal, that is suddenly switched between two
frequencies, to the AOD. The rise time of the RF signal is negligible (< 10 ns), but
since the acoustic wave propagates at finite velocity, it takes a few ps to travel on a
lengthscale of a few millimiters, compatible with the size of the laser beam waist.
A photodiode with a small sensor (PDA8A2) with a 0.8 mm diameter is used to
collect the light deflected by the AOD!. The photodiode can be moved perpen-
dicularly to the propagation axis of the deflected laser beam and collects the light
coming from different zones of the beam that were deflected at different times,
due to the finite sound velocity in the medium. This allows us to measure the
time delay between the moment in which the signal of the photodiode rises and
a common reference time (the switching time of the RF signal) as a function of
the displacement of the photodiode on the translation stage. The sound velocity
can be obtained performing a linear fit of the position of the photodiode versus
the delay time. The delay times were measured directly for different positions of
the photodiode. The linear fits on these data are reported in figure 4.28, and the

resulting estimated sound velocity (the slope of the line) is vy = (-0.652 + 0.013)
2 In figure 4.28 we see that the acoustic wave first hits one side of the beam,

Us
the one closer to the actuator, and then crosses the whole beam. The slope of the
fitted line is consistent with the expected sound velocity equal to 650 m/s. Other

IThe experimental apparatus is the one presented in figure 4.23 using equal focal length lenses f1 and
f2.
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Figure 4.29: An AOD driven by an RF signal that switches periodically between two fre-
quencies f1 and f2 produces two deflected beams at the angles corresponding to the fre-
quency values. The dynamical behaviour during transients is well described by an eclipse
model, where the acoustic wave determining the deflection angle propagates through the
laser beam from one edge to the other.

similar tests were performed, in particular measuring the delay time from the
reference to the falling down of the signal instead of the rising, for which similar
results were obtained. The importance of these observations is that they validate
an eclipse-like model for the dynamics of the switching of frequencies, that is
shown in figure 4.29.

4.4.4 Modulation in a fast periodic switching

In this subsection we want to characterize the shape of the modulation of the
signal relative to the beam deflected by the AOD when this is guided by an RF
signal that is switched between two frequencies. The signal, observed with a pho-
todiode (PDA8A?2) that is connected to an oscilloscope, will be characterized by
a finite rise time, as described in the previous subsections. This characterization
is useful for the simulations in chapter 3 that regard the time-averaged potential.
In particular, we study the time dependence of the power of the deflected beam
as a function of the period over which the RF driving signal alternates between
two frequencies. We used an AWG to drive a pair of crossed AODs with a FSK
(frequency-shift keying) modulation on the carrier RF signal. This kind of modu-
lation allows us to alternate the carrier frequency between two values, that we set
to 90 MHz and 110 MHz, at desired key frequency (the frequency at which the
modulation is carried out). We chose for the key frequency values of 10, 50, 80,
90, 100, 110, 120, 150 and 250 kHz. The modulation is performed in phase on
both the AODs in such a way that the laser beam is deflected to the (90, 90) MHz
spot for half of the time and (110, 110) MHz for the second half of the period.
This is just the ideal case, because the transition between one frequency and the
other is limited by the rise/fall time of the signal, that is in turn limited by the
size of the beam in the crystal. Transient effects produce the unwanted ghost
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spots, whose study and characterization is carried out in chapter 5. We placed
a photodiode on the path corresponding to the (110, 110) MHz spot in order to
measure on an oscilloscope the traces related to these modulations. The light is
focused on the photodiode with a lens that guarantees that the whole laser beam
is contained in the sensor. The signal is recorded with an oscilloscope and for
each key frequency we capture a trace. We take also the trace for key frequency
equal to 0, namely for a static beam, that will be the amplitude reference for all
the other signals.

The characterization of the modulation profile is performed both for the stand-
ard beam size (~ 1 mm) and for a reduced size (~ 0.5 mm). These two config-
urations are the ones for which we performed the simulation implementing a
time-averaged potential in chapter 3. For the smaller beam size one more key
frequency was added to the measurement, namely 200 kHZ.

In figure 4.30 the measured traces for the modulation of the amplitude of the
deflected laser beam at different key frequencies are reported, in the case of the 1
mm beam. To make the plots understandable the measurements are reported in
two different pictures. The modulation is a square wave for low key frequency (10
kHz), while it gets smoothed at higher key frequencies. The blue trace represents
the deflected power for a static beam and we notice that the dynamic modula-
tions reach this value for key frequencies up to 90 kHz. At higher key frequency
instead, the signal does not reach the value of the not modulated beam, because
the period becomes compatible with the rise time of the signal and there is not
enough time to reach the maximum amplitude. Anyway, the modulation main-
tains its characteristic shape up to 150 kHz, while for 250 kHz key frequency it
gets also distorted. In figure 4.31 we see the advantage of using a smaller beam
waist: the traces reach the maximum amplitude for key frequencies up to 150
kHz (the green, orange and purple traces in figure 4.31b even seem to overcome
the static amplitude, but this may be ascribed to long-term fluctuations of the
laser source emission power) and high key frequency modulations are less distor-
ted than in the 1 mm beam waist case.

An analytic expression of such modulations is important, because the time
modulation of the trapping potential implemented in all the time-averaged sim-
ulations performed in chapter 5 is based onto this kind of equation. A simple ana-
lytic expression offers a huge simplification in the time-averaged potential sim-
ulations. In order to derive an analytic expression, we used a simplified scheme
and approximated a period of the modulation with a trapezium. The parameters
needed for this simplified expression are the key frequency that determines the
period length, the rise time of the signal that gives the slope of the rising and
falling sides of the trapezium, and the time for which the modulation stays at
constant value. An example of such a modulation compared with the measured
signal is reported in figure 4.32. For every key frequency I determined the best
set of parameters that can be used to exemplify the modulation of the deflected
power.



4.4. DYNAMIC CHARACTERIZATION 83

g
3

g
Q

-
N

-
o

Amplitude [V]

o
Sl

0.0 ‘ | | | ,
-40 -20 0 20 40 60 80
t [us]

(a) Static beam compared with dynamically tuned at different key frequencies.

25 T O
— static
20 — 90 kHz
— 100 kHz
— 110 kHz
% 1.5} — 120 kHz
©
2 — 150 kHz
o — 250 kHz
e 1.0 e
<
0.5
0.0 .
-14 -12 -10 -8 -6 -4 -2 0
t[us]

(b) Static beam compared with dynamically tuned at different key frequencies.

Figure 4.30: Amplitude modulation for the deflected beam at different key frequencies.
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(b) Static beam compared with dynamically tuned at different key frequencies.

Figure 4.31: Amplitude modulation for the deflected beam at different key frequencies.
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Figure 4.32: Example of the simplified modulation superimposed to the 100 kHz signal
for a 1 mm beam.

Considerations about the shape of the modulation

In the following paragraphs we describe the shape of the analytic modulation
depicted in figure 4.32, with particular attention to its duty cycle. Since the FSK
modulation operates with 50% duty cycles, we would expect the modulation of
the deflected power to show equal time intervals in which the signal is on and
off. These intervals are instead unbalanced as we can see in figure 4.32, where
the flat segment representing the signal to its maximum value is clearly shorter
than the zero amplitude one. This effect is more evident for high key-frequencies,
for which the rise time and the static phase of the AOD are comparable. If the
beam is deflected by two AODs, the modulation is given by two in-phase modu-
lations. To confirm that the modulation that we see is really given by the product
of two symmetric modulations in-phase, we measured the trace relative to the
modulation on one single AOD at once (for 1 mm beam waist) and compared the
square modulus of such modulation with the traces in figure 4.30. In figure 4.33
the traces related to the modulation on a single channel and on two channels are
reported. The two channel modulation is extremely similar to the square modu-
lus of the single channel modulation. Such an unbalanced modulation (for two
channels) is thus just the straightforward result of the product of two symmetric
effects on the two AODs. As it will be described in chapter 5, the physical reason
for which the power of the beam deflected by a couple of AOD is smoothed dur-
ing transient times is that the time-averaged potential modulation gives rise to
additional spots, that we called ghost spots, that are produced during the transi-
ent times. Hence, the overall laser power is distributed not only between the two
spots that are expected for an ideal time-averaged potential with zero rise time,
but a part of the light is also deflected in the additional ghost spots.



86 CHAPTER 4. ACOUSTO OPTIC DEFLECTORS

—
=

:

— single
single squared

o
o

Amplitude [V]
o
»

o
¥)

o
e

|
0]
o

-50 -40 =30 -20
t [us]

(a) Single and double channel modulation at key frequency
equal to 50 kHz.

1.0
08
=4
o 0.6 — single
-g — single squared
% 04 — double
g

0.2

0.0

tps]
(b) Single and double channel modulation at key frequency equal to 100

kHz.

Figure 4.33: The two channel modulation (green trace) can be obtained as the square
modulus (yellow trace) of the single channel modulation (blue trace).



Chapter 5

Generation of tweezers pattern

In this chapter I will present the experimental realization of arrays of optical
tweezers. The setup is based on a couple of crossed AODs and both static ar-
rays and dynamic ones, exploiting the time-averaged technique, were realized. I
also discuss the resolution and the bandwidth of the apparatus, comparing the
measured values with the theoretical ones introduced in chapter 4. The experi-
mental setup is presented in figure 5.1 and includes the acousto-optic deflectors
that create the multiple beams pattern, a telescope and a microscope objective.
The tweezers created by the AODs and focused by the objective are imaged onto
a CCD camera whose position can be adjusted using a translation stage. The ob-
jective used for these measurements is a Plan Fluor 10x/0.30 manufactured by
Nikon. The effective focal length of this objective is 50 mm and its numerical
aperture is 0.30. The AODs are driven by two RF signals generated by the two
outputs of an arbitrary waveform generator (AWG). The radio frequency com-
ponents of this signals determine the number and the deflection angles of the
deflected beams, following the equation (4.5). The two AODs are separated by
a 4f optical system. A second telescope is placed between the second AOD and
the microscope objective. This telescope is composed by a scan lens and a tube
lens, introduced in chapter 3 and can be leveraged to change the beam size before

optical
fiber

RF
CCD signal
camera ftb ftb+fSC fSC f 2f
e 4
' U
microscope  type scan AOD AOD
objective lens lens (y deflection) (x deflection)

Figure 5.1: Experimental apparatus used for the creation of all the tweezer arrays presen-
ted in this chapter.
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the objective to change the dimensions and the separation between tweezers (see
equations (3.14) and (3.15)). To conclude the optical setup, a microscope object-
ive focuses the array of deflected beams to the micrometer lengthscale and the
array of optical tweezers is imaged by a camera. The camera is placed exactly at
the working distance of the microscope objective, in the position where the atoms
in the final experiment will be trapped. Differently from the schematic apparatus
depicted in figure 3.1, in which the tweezers are focused in the glass cell by the
objective, and the camera used for the imaging is placed after a second micro-
scope objective, now the CCD camera is placed directly after the first objective in
order to observe the tweezers.

5.1 Static patterns

We present now the realization and imaging of a static pattern of optical tweezers
made up of 100 sites, presented in figure 5.2. The pattern is a square array, and
the acousto-optic deflectors are used statically, and the spots are equally spaced
by Af=4 MHz in such a way that a wide range of the bandwidth of the devices is
covered, from 84 to 120 MHz. The Rf signal is generated by an AWG as a sum
of ten sine functions for these frequency values and it is the same for both the
AODs. The image is captured with the camera that is placed after the microscope
objective, as described in figure 5.1. In figure 5.2, the spot at the top right is
corresponding to frp=84 MHz on both the AOD dedicated to the horizontal de-
flection and the one dedicated to the vertical deflection, while the spot at the left
bottom is the combination of fgp=120 MHz for both the devices. Before capturing
this image, we optimized the efficiency of the 2D deflection system, following the
procedure described in section 4.3. The final result is a large array with uniform
amplitudes, except for a slight lack in efficiency for the largest radio frequency
values. Moreover, the array is a regular square array and all the spots are well fo-
cused, meaning that the microscope objective and all the lenses are well aligned
and the camera is placed correctly at the working distance of the objective.

In the context of the generation of static patterns it is important to determine
the resolution limit of an experimental apparatus like the one presented in fig-
ure 5.1. We performed a measurement in which five equally spaced tweezers are
generated in a row. In order to verify the scaling of the distance between tweezers
and their waist as a function of the ratio between focal lengths f.,,/fupe, follow-
ing equations (3.15) and (3.14), a scan lens and a tube lens with different focal
lengths were considered. In particular, we chose f,.,, = 200 mm and f;,. = 500
mm, in such a way that the beam waist of the laser, whose size in the position
of the AOD is wpop=1 mm, is scaled to w; ~0.4 mm between the tube lens and
the microscope objective. The 1D pattern is reported in figure 5.3, where the fre-
quency separation between the spots is equal to 1 MHz. Note that under these
experimental conditions we are exploring the resolution limit of the optical sys-
tem. The Rayleigh criterion for resolving two spots generated at wavelength A,
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Figure 5.2: Square array composed of 10x10 spots equally spaced by 4 MHz.
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Figure 5.3: 1D pattern obtained at the resolution limit of the apparatus.
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passing through a circular aperture D is the following:

A
Op=1.22— 5.1
Recalling the expression for the angular separation A@ (equation (4.6)) between
a pair of tweezers generated for RF frequencies that differ for an amount Af, we
can express the Rayleigh limit as a function of the radio frequency separation.
Imposing that AO > 0, we get:

v
Af>1.22— 2

In our case the diameter of the laser beam, that can be approximated with twice
the waist of the beam before the objective, is 2w;=0.8 mm. Since the back aper-
ture of the objective is much larger, above 20 mm, the dimension of the aperture
D in equation (5.2) can be identified with the diameter of the laser beam. Substi-
tuting the experimental parameters in (5.2), in particular considering the data-
sheet value for the sound velocity in the crystal v=650 m/s, we obtain that Af >1
MHz, that is exactly the frequency separation for which the pattern is obtained.
We then fitted a sum of five Gaussian profiles to the data, obtaining the para-
meters reported in table 5.1. The waists of the five spots and the separation
between sites are reported first in pixels, as they are obtained from the fit, and are
then converted to lengths considering that the side of the camera pixel is equal
to 5.2 ym. Finally, we can compare the measured parameters of the tweezers

Size (pixels) | Size [pm]
wl 1.6 £0.3 8.5+1.6
w2 1.9+£0.3 99+1.6
w3 1.6 £0.2 8.5+1.0
w4 1.9+£0.3 9.7+1.6
wb 1.8+0.3 95+1.6
d,| 46+03 |238+1.6
dys 4.6 +0.3 23.9+1.6
dsy | 47+02 |244+1.0
dys 46+0.3 23.8+1.6

Table 5.1: Waist and distance between neighbouring tweezers reported with fit errors
both in pixels and in ym

with the expected ones. Note that this measurement was carried out exploiting
a laser wavelength A= 786 nm. Substituting our parameters in equations (3.14)
and (3.15), we obtain:

Wiheo = 9.01 pm = 1 pixel diheo = 24.2 ym = 4.7 pixels (5.3)

While the measured tweezer separation are in good agreement with the theor-
etical value, the size of the spots are not. It is possible that, since the tweezer
occupies just two pixels (the diameter of the tweezer is twice its waist), the fit
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Figure 5.4: 1D pattern composed of six equally spaced tweezers.

is not able to give a good estimate of the tweezer’s waist. Another possibility is
that the camera was not positioned exactly on the focal plane of the microscope
objective and then the measured size of the spots is not at its minimum.

We then performed one more measurement of this kind, by changing the
tube and the scan lenses. We generated now a linear pattern made up of just
three equally spaced spots. The experimental parameters are now f,,=200 mm,
fiube=200 mm, Af= 1 MHz and A= 786 nm. The image of the pattern is show
in 5.4: The procedure followed for the image analysis is the same of the previ-
ous measurement. We fit a sum of six Gaussian profiles to the data and report
the waist and distance parameters in table 5.2. Comparing these values with the

Size (pixels) | Size [pm]
wl | 206+0.12 | 10.7+£0.6
w2 | 210+0.11 | 10.9+0.6
w3 | 213+£0.11 | 11.1+0.6
w4 | 2.11+£0.10 | 11.0+0.6
wb | 2.07+£0.10 | 10.8 £0.5
w6 | 2.15+0.10 | 11.2+0.5
dy, | 11.73+0.11 | 61.0 £ 0.6
dys | 11.72+0.10 | 60.9 + 0.5
dsg | 11.71 +0.10 | 60.9 +0.5
dys | 11.70 £ 0.10 | 60.8 £ 0.5
dsg | 11.72+0.10 | 60.9 + 0.5

Table 5.2: Waist and distance between neighbouring tweezers reported with fit errors
both in pixels and in ym

theoretical ones obtained again from equations (3.14) and (3.15), we have:
Wiheo = 12.5 ym = 2.4 pixels diheo = 60.5 um = 11.63 pixels (5.4)

In this case just the distance between tweezers is consistent with the theoretical
ones. On the other hand, the measured tweezer waists are all smaller than the
predicted size. A possible issue that could cause this discrepancy is a non perfect
alignment of the camera with respect to the microscope objective. Furthermore,
the size of the tweezers is comparable with the pixel size, so the fit procedure may
not be able to determine its dimensions properly. The correct estimate of the



92 CHAPTER 5. GENERATION OF TWEEZERS PATTERN

(a) Tweezers generated via a (b) Tweezers generated via a (c) Tweezers generated via a
time-averaged potential for time-averaged potential for time-averaged potential for
v=10 kHz. v=100 kHz. v=250 kHz.

Figure 5.5: Tweezers generated via a time-averaged potential for different v values. The
camera’s exposure time is longer than the period of the modulation and allows us to all
the spots, labelled with the RF frequency components (fyy,f; ), simultaneously.

distance between tweezers confirms the agreement with the geometrical optics
equation (3.15).

5.2 Time-averaged patterns

In this section we introduce the realization of arrays of optical tweezers exploit-
ing the time-averaged technique described in the previous chapters. First of all,
we implemented this method in the easiest case, where the RF signal generated
by the AWG is modulated periodically using the built-in FSK modulation men-
tioned in section 4.1 between a couple of frequencies, namely 90 MHz and 110
MHz. The same signal is sent in phase to both the acousto-optic deflectors that
produce two spots, the first at 90 MHz on both the devices and the second at 110
MHz. The experimental setup used for the focusing and imaging of the tweez-
ers is that of figure 5.1, and the size of the laser beam inside the AODs is 1 mm.
Like in the simulations of the time-averaged trapping potential, we produced
this two-spots pattern at different switching frequencies v (see equation (3.24)).
In figures 5.5a, 5.5b and 5.5¢, the 110, 110 MHz spot is the one at bottom left of
the image, while the spot at top right is the 90, 90 MHz one. These pictures are
captured by a camera that is integrating the pattern for an exposure time much
larger than the period of the modulation, in such a way to visualize the pair of
spots simultaneously. While for slow modulations (v ~10 kHz) the time-averaged
potential works correctly and just the two desired tweezers are visible, for higher
modulating frequencies two more spots show up and become comparable with
the original ones for v ~250 kHz in figure 5.5c. These “ghost” spots (that will
be also called simply ghosts in the following) appear in correspondence of the
two other vertices of the square array, as a combination of an RF frequency of 90
MHz on one AOD and 110 MHz on the other one. The presence of such spots
can be understood recalling the behaviour of an AOD subjected to a periodic fast
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Figure 5.6: Measured amplitudes of a deflected beam that is subject to the frequency
switching (v= 50 kHz) of a single AOD. The traces are shifted vertically for a better visu-
alization and the negative time values are referred to the set point of the oscilloscope.
The blue and yellow traces represent the time-dependent amplitude modulation gener-
ated by the first AOD, while the green and red ones are related to the second AOD.

switching discussed in subsection 4.4.3 and shown in figures 4.30 and 4.31 for
a beam waist in the position of the AOD equal to 1 mm and 500 ym, respect-
ively. In these figures, in the case of small switching frequencies v, the transient
times are much smaller than the time during which the AOD works with each
fixed frequency. The signal of the fotodiode appears indeed as a square wave on
the oscilloscope. For higher switching frequencies, instead, the transient times
becomes more compatible with the time of single frequency in the AOD. During
transients the two RF frequencies are present at the same time on both the AODs,
hence the devices deflect on two frequencies instead of one, causing the presence
of ghosts. Since these ghost spots appear only during transient times, as it will
be discussed further in the following, for small switching frequencies the time
during which the ghosts are present is much less than time during which the real
tweezers are produced, hence they are not visible on the camera, that integrates
the counts for a long time. Increasing the switching frequency, the time during
which the ghosts are deflected becomes larger with respect to the time for which
the real tweezers are generated, thus becoming more and more visible on the
camera.

In figure 5.6 the power amplitude modulations due to single AODs are plot-
ted. A 1 mm laser beam in the position of the AODs is considered, thus resulting
in a rise time of approximately 2.5 ys. In the first row the modulation for the
first AOD are plotted in blue (90 MHz) and yellow (110 MHz), while the second
row represent the same modulations for the other AOD. As seen in figure 4.33,
when we consider RF signals that are in phase on the couple of AODs, the fi-
nal amplitude modulation of the laser beam deflected by both the devices is the
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product of the modulations on a single channel. Thanks to the scheme in figure
in figure 5.6 we show what happens to the deflected beams during one complete
period. Consider the combination of blue and green traces: these are in-phase
amplitude modulations that account for the spot corresponding to 90 MHz RF
frequency on both the AODs. Their product gives the maximum amplitude of
the signal in the first half of the period and is zero in the second half. Similarly,
the yellow and orange traces produce the spot at (110, 110) MHz for which the
amplitude is zero in the first half of the period and it’s maximum in the second
half. These are the two desired spots at (90,90) MHz and (110,110) MHz expected
in the case of an ideal time-averaged modulation with no transient time and in-
stantaneous switching between the two RF frequencies. Nevertheless, the traces
in figure 5.6 have nonzero transient times of approximately 2.5 ps, making the
modulation non perfect. Taking into account the combination of out-of-phase
signals, the blue and orange traces and the yellow and the green ones in figure
5.6, we see that their product is nonzero during the transient, differently from an
ideal square wave modulation with zero rise time for which the product would
be always zero. For example, during transient the blue trace and the orange one
have simultaneously nonzero amplitudes. This means that while the first AOD is
switching the RF frequency from 90 MHz to 110 MHz and two diffracted beams
are present (one at 90 MHz and the other at 110 MHz), also the second AOD is
switching from 90 MHz to 110 MHz and it is diffracting two beams instead of a
single one. This combination will also introduce a beam at the combination of
frequencies for the first and the second AOD of (90,110) MHz in addition to the
desired beams at (90,90) MHz and (110,110) MHz. The same mechanism stand
also for the yellow and green traces, that during the transient combine to pro-
duce an additional spot at (110,90) MHz. Note that the periodicity of the ghost
spots, generated during the transient times, is doubled, since the combination of
out-of-phase signals happen every half of the original period.

Now we can plot the product of two out of phase modulations to understand
the shape of the modulation of the spots that come out of the transient effects
described above. Consider for example the figure 5.7, where the blue trace is
the amplitude modulation of the 90 MHz beam produced by the first AOD and
the yellow trace is the amplitude modulation of the 110 MHz produced by the
second. The green trace is obtained as the product of the blue and yellow ones
and represents the amplitude modulation of the additional spots rising from
transient effects, that we named ghosts. The ghosts are visible in figure 5.5 and
become more relevant for high switching frequencies v if compared to the ori-
ginal tweezer spots. The higher is v, the shorter is the period of the modulation
and, since the slopes of rising and falling signals are fixed by the dimensions of
the laser beam, transient effects become more and more important as the period
decreases.

We repeated the measurement in figure 5.5 reducing the beam waist to 500
pm for different key frequency values. The tweezers pattern are reported in pic-
ture 5.8. The reduced beam waist results in a smaller rise time and, since the
ghost spots are generated during the switching time, their amplitude decreases
for smaller rise times, as we can see in figure 5.8. In particular, in the case of
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Figure 5.7: When two RF signals are out of phase there is still a superposition due to the
finite rise and fall times in the AODs.

) Tweezers generated via a ) Tweezers generated via a ) Tweezers generated via a
tlme -averaged potential for tlme -averaged potential for tlme -averaged potential for
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Figure 5.8: Tweezers generated via a time-averaged potential for different v values and a
beam waist reduced to 500 ym. The camera’s exposure time is longer than the period of
the modulation and allows us to all the spots, labelled with the RF frequency components
(fzm,fr), simultaneously.
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(a) Ghost observed for a modulation at v=10 (b) Ghost observed for a modulation at
kHz for a 1 mm beam waist. v=250 kHz for a 1 mm beam waist.

Figure 5.9: Ghost spots measured at different switching frequency values. The spot is
warped and presents two lobes.

v=100 kHz the ghost spots are no more visible, differently from the previous
case where we considered a 1 mm beam waist. In order to understand the geo-
metrical properties of the additional ghost spots, we observe directly both the
tweezer and the ghost spots with a camera, placed before the objective.

5.2.1 Imaging of ghost spots

A ghost spot obtained for a laser beam waist equal to 1 mm is reported in figure
5.9 for two different switching frequency values, 10 and 250 kHz. The cam-
era is placed before the objective in order to observe the beam on the millimiter
lengthscale, instead of a micrometer one. The spot is clearly warped diagonally
and it seems to be composed of two different lobes. The warping of the spot is
even worse for high switching frequencies. For completeness, the image of the
beam deflected at the position of the tweezer, captured before the objective, is
reported in figure 5.10 for the same pair of switching frequencies. The ordin-
ary spot is distorted too for high frequencies and a Gaussian shape for the op-
tical tweezer cannot be assumed anymore. Under these extreme conditions the
tweezers, warped by the fast modulation of the time-averaged technique, are not
suitable for trapping the atoms because the properties of the trap, in particular
the trapping frequencies, cannot be assumed to be uniform among all the spots.
Furthermore, the trapping frequencies will strongly depend on the switching fre-
quency value since the distortion of the spot is different for different frequencies.
The distortion of the spots is diagonal because the spots generated by the time-
averaged potential are positioned at two opposite vertices of a square geometry.
The ghosts appear to be squeezed diagonally in the central part of the spot, while
the real spots present a whole in the center due to the appearance of the ghost.
For high switching frequencies the central part of the beam contributes mainly
to the ghost spot, while the edges are present mainly in the conventional spot.
This is particularly bad, because in this regime the real spot becomes similar to a



5.2. TIME-AVERAGED PATTERNS 97

(a) Spot deflected in the position of a tweezer (b) Spot deflected in the position of a tweezer
observed for a modulation at v=10 kHz for a observed for a modulation at v=250 kHz for
1 mm beam waist. a 1 mm beam waist.

Figure 5.10: Spot deflected in the position of a tweezer measured at different switching
frequency values. The spot is initially symmetric for low switching frequencies but is
distorted for high frequencies.

double well trap.

We quantified the deformation of both the ghosts and the standard tweezers
by calculating the skewness of the distribution. The skewness is a measure of
asymmetry of a probability distribution about its mean value, and can assume
negative, positive or zero value [48]:

el

where X is the random variable considered with mean value y and standard de-
viation o and the brackets stand for the expectation value. The skewness is zero
if the distribution is symmetric (for example a perfect Gaussian beam) and it is
negative/positive if the left/right tail is longer than the opposite one. In par-
ticular, since we observe a diagonal distortion, we first rotate the image by 45
degrees clockwise and then evaluate the skewness. The plot in figure 5.11 shows
the skewness evaluated for the marginal probability distributions along the hori-
zontal (x) and vertical (y) axes in the rotated frame. At low v the only asymmetric
distribution is the horizontal direction of the ghost spot. Increasing the switch-
ing frequency, the vertical distributions remain unaffected, while the horizontal
distribution of the tweezer spot becomes distorted for v above 100 kHz. The
skewness of the vertical distributions can be used as a reference to evaluate how
much the distributions get warped.

A similar analysis has been carried out also for the smaller beam with 500
micron waist. In figure 5.12 we show the imaging of a tweezer and a ghost cap-
tured for 250 kHz switching frequency. Both the spots are distorted by the fast
modulation, but the effect is less dramatic than in the case of the 1 mm beam
waist, even though the potential is modulated at high switching frequency. The
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Figure 5.11: Skewnesses calculated for the vertical and horizontal distributions both for
the ghost and the tweezer spots.

(a) Tweezer observed for a modulation at (b) Ghost observed for a modulation at
v=250 kHz for a 500 ym beam waist. v=250 kHz for a 500 ym beam waist.

Figure 5.12: Tweezer and ghost spots measured at 250 kHz switching frequency. The
spots are slightly warped.
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Figure 5.13: Skewnesses calculated for the vertical and horizontal distributions both for
the ghost and the tweezer spots for the smaller beam waist (500 ym).

skewnesses of the probability distributions are calculated in this case as well, and
they are plotted in figure 5.13. In this case we see that the skewness for the ghost
spot is slightly higher than the tweezer’s one, but the same value is maintained
for all the v range. The tweezer, instead, increases its asymmetry as the switch-
ing frequency increases. Anyway, the skewness values in the case of the 0.5 mm
beam are smaller than the ones evaluated in the previous case. Hence, exploiting
a smaller beam waist for the time-averaged potential technique seems to offer
better conditions with respect to the 1 mm beam.

To conclude the description of the ghost spots we want to understand if atoms
in the Magneto Optical Trap can be trapped in such a spot. In order to do that,
we simulated the classical motion equations of a Strontium atom under the effect
of gravity and a trapping potential that is time modulated, similarly to the sim-
ulations in subsection 3.2.2. The modulation of the potential implemented is an
analytic function obtained as the product of two out of phase single-AOD mod-
ulations, following the model described above. Data are plotted in logarithmic
color plots, like in the simulations of the trapping of atoms in the conventional
tweezers. In particular, in figure 5.14 the simulations regarding an atom with ini-
tial velocity vo = 0 m/s and displacement with respect to the center of the tweezer
0=0 m are reported. In figure 5.14a we show the results of the simulations in the
case of a 1 mm beam waist and hence a rise time 7 ~2.5 us, while in figure 5.14b
the 500 ym case is presented. We report here again the results of the simulations
performed in chapter 3 in the case of a real tweezer spot to simplify the compar-
ison, in the case of an atom at rest for both the large (1 mm) and small (0.5 mm)
beam sizes. It is useful to compare the figures 5.14 and 5.15 pairwise. The fig-
ures on the left are relative to the solutions of the simulations carried out in the
case of the 1 mm beam waist, while the ones on the right are relative to the small
beam (0.5 mm). Since the ghost spots are not symmetrical and are not suitable
for trapping the atoms, the goal of the comparison is to identify a region of para-
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Figure 5.14: Simulations of the trapping of an atom at rest in a ghost spot generated by
the time-averaged dynamics, using vop = 0 m/s and 6=0 m as starting conditions for the
atom. The simulation is performed considering both 1 and 0.5 mm waists at the position

of the AOD.
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Figure 5.15: Simulations of the trapping of an atom at rest in a real tweezer spot gener-
ated by the time-averaged dynamics, using vp = 0 m/s and 6=0 m as starting conditions
for the atom. The simulation is performed considering both 1 and 0.5 mm waists at the

position of the AOD.
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Figure 5.16: Simulations of the trapping of an atom at rest in a ghost spot generated by
the time-averaged dynamics, using vy = 0.03 m/s and 6 = 0.5 *wr as starting conditions
for the atom. The simulation is performed considering both 1 and 0.5 mm waists at the
position of the AOD.

meters in which the ghost spot loses the atom while the real tweezer traps it. In
both the cases we see that for high trap depths the atom is trapped equivalently
in the real tweezer spot (figure 5.15) and in the ghost spot (figure 5.14). For low
trap depths, below 10 uK, instead, the real tweezer is more efficient and traps
the atom for all the switching frequencies above 50 kHz, while the ghost spot al-
ways loses the atom. This comparison suggests that the time-averaged technique
can be exploited for low power depths only if we want to neglect the presence of
the ghost spots. Anyway, it is important to observe that the simulations reported
above take into account uniform modulations of the symmetric Gaussian trap-
ping potential and the asymmetry of the ghost spots are not considered here. It
is possible that implementing in the simulations a beam with strong asymmet-
ries, especially for the ghost spot that is distorted for all the switching frequency
values, the trapping efficiency is reduced. In that case the region of parameters
suitable for the time-averaged potential technique would be larger.

We consider now the simulations performed for different initial conditions for
the atom, in order to verify if the region of experimental parameters for which
the real tweezers trap the atoms while the ghost spots lose them is a universal set
or not. The situation is quite different when we consider an atom with vy =0.03
m/s and 6 = 0.5 *wr that is the situation analogous to that discussed in subsec-
tion 3.2.2. We recall here, in figure 5.17 the plots from chapter 3 to give a direct
comparison with figure 5.16. Also in this case, the real tweezer can be trapped
in a region of parameters that extends to trap depths lower than the trapping in
the ghost spots. For many switching frequency values the real tweezer traps the
atoms for trap depths above 40 K, while the ghosts require trap depths higher
than 100 pK, both for the large beam (plots on the left) and small beam (plots on
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Figure 5.17: Simulations of the trapping of an atom at rest in a real tweezer spot gen-
erated by the time-averaged dynamics, using vy = 0.03 m/s and 6 = 0.5*wr as starting
conditions for the atom. The simulation is performed considering both 1 and 0.5 mm
waists at the position of the AOD.

the right). The problem is that, except for one single combination of parameters
for the small beam (U~5 uK, v=90 kHz) the region of suitable parameters in this
case, considering an atom with nonzero initial energy, is not compatible with the
region of parameters suitable for the time-averaged technique. This means that
the choice of a specific combination of trap depth and switching frequency se-
lects a class of atoms that have a certain initial energy, both potential and kinetic.
For example, choosing a trap depth U=5 uK would allow us to trap the atoms in
the real tweezer and not in the ghost, but only the coldest ones in the thermal
distribution. On the other hand, a 50 uK trap depth would allow for the trapping
in the tweezers of hotter atoms too, but in turn it would enable the ghost spots
to trap a few cold atoms too. In order to understand the possible range of applic-
ability of the time-averaged method, the simulations have to explore further the
phase space of the atoms of the MOT thermal distribution.

To conclude, the advantage of the time-averaged potential technique is the
capability to generate and rearrange an arbitrary geometry array. On the other
hand, the presence of ghost spots, distorted traps that in general cannot be ex-
ploited for trapping the atoms, limit the range of suitable power depths to very
low values, below 10 uK. Moreover, the time-averaged potential can support only
a few spots, due to the time constraints on the period of the switching, hence
only small arrays can be produced. In case a large array is considered, the sim-
ulations of the transport of an atom performed in chapter 3 showed that high
power depths are preferable, because the atoms are less affected by the motion.
Hence, the range of trap depths suitable for the time-averaged potential is op-
posite to that of the transport of atoms, making it difficult to implement both on
the same apparatus. One possibility is to design an apparatus with two different
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(a) A pentagonal pattern created by a 33% duty

cycle waveform generated by an AWG. (b) A hexagonal pattern created by a 33% duty

cycle waveform generated by an AWG.

Figure 5.18: Realization of elaborated arbitrary geometry patterns exploiting the time-
averaged technique.

optical paths, one devoted to the rearrangement of the array for which the size of
the beam waist is as large as possible, and a second dedicated to time-averaged
techniques that can be leveraged for fast operations on the array.

5.2.2 Time-averaged generated arbitrary patterns

In the following paragraphs we show a couple of applications of a time-averaged
potential technique for the creation of an arbitrary geometry pattern. As dis-
cussed in chapters 3 and 5, this technique presents many constraints, mainly
regarding the timescale over which the beam deflected by the AODs completes
one period of the time-averaging over all the positions of the array. We know
from the performed simulations that a typical switching frequency that allows
for the trapping of atoms in conventional time-averaged tweezers is v ~100 kHz,
that means a period of approximately 10 ps. Hence, we realized pentagonal and
hexagonal patterns using a time-averaged potential modulated at 100 kHz. The
second constraint regards the duty cycle of the period: we saw in the simulations
in figures 3.14a 3.14b that increasing the number of subperiods it is still possible
to trap the atoms but the accessible region of suitable parameters is reduced. In
particular, leveraging a tweezer with power depth equal to 1 mW, it is possible
to create time averaged patterns even switching each channel among three differ-
ent RF frequencies for v=100 kHz. We then realized a pentagonal pattern and a
hexagonal one making use of an elaborated time-averaged potential, as shown in
figures 5.18a and 5.18Db, respectively. Instead of generating the whole array with
a single deflected beam that is periodically deflected over all the desired spots,
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we decompose the plane figures into rows in order to minimize the number of
switches. One AOD is used to run periodically over the rows, switching between
sinusoidal RF frequencies. The other AOD, instead, is switched between multi-
frequency tones, having the number of frequency components equal to the num-
ber of spots in each specific row. For the pentagon, for example, in the first third
of the period the vertical AOD identifies the lower row, while the horizontal one
produces two different beams. During the second part of the period, the second
line is produced. Finally, the vertical AOD switches to the top row and the hori-
zontal AOD produces one single spot at the pentagon vertex. A similar procedure
is followed for the creation of the hexagonal pattern too. The plane figures have
to be parametrized in Cartesian coordinates, then the spatial coordinates are con-
verted into frequency coordinates that are the RF frequency components that the
AWG is fed with.

In both the patterns in figures 5.18a and 5.18b the ghost spots are visible in
a situation more complicated than the simple pair of spots for which the ghosts
were described in the previous paragraphs. In an elaborated pattern the ghosts
arise for every combination of frequencies that change from one part of the wave-
form’s period to the next one. Despite the presence of the ghost spots, in both the
patterns the amplitude of the real tweezers is almost uniform over the whole
array.



Conclusions

In this thesis I carried out an extensive study of the techniques for the generation
of arrays of optical tweezers exploiting a pair of acousto-optic deflectors. In the
first part of the thesis I presented the results I obtained for two set of simulations
of different AODs configurations. In the first set of simulations I studied the
transport of an atom in a moving optical tweezer. In particular, I have shown that
it is possible to minimize the energy increase of the atom with a proper choice of
the function describing the motion of the tweezer in which the atom is trapped.
Implementing this function in the simulations, we obtained that for most of the
combinations of the experimental parameters considered, spanning both the trap
depth U and the mean velocity of the transport v,,c.n in a wide range of values,
the atom is heated by less than 10 yK. This is a good result since it is a value
compatible with the typical tweezers trap depths.

In the second set of simulations I explored the possibility of exploiting a time-
averaged potential technique for the generation of arbitrary-geometry arrays of
optical tweezers. The free parameters of the simulation are in this case the trap
depth of the tweezer U and the frequency v at which the time-dependent trap-
ping potential is periodically moved over all the spots of the array. The simula-
tions prove that with this technique it is possible to trap the atoms over a wide
range of U and v in case the tweezer is switched over two or three different po-
sitions. A higher number of positions leads to a loss of atoms from the tweezer,
thus the application of this technique is limited to small-size arrays.

In chapter 4 I tested the static and dynamic properties of a pair of acousto-
optic deflectors in order to understand if the requirements resulting from the
simulations in chapter 3 can be satisfied by the tested devices. I characterized the
efficiency of the two devices as a function of RF driving frequency and amplitude
for different alignment conditions, and found a strong dependence on the effi-
ciency curves on the alignment. I then studied the efficiency of a pair of coupled
AQODs in crossed configuration. I implemented a method for a rapid characteriz-
ation of a 2D efficiency map of the crossed AODs and tested its validity by com-
paring it with a set of individual efficiency measurements. In the context of the
dynamic characterization of the AODs, I studied the response time of the device
subjected to a fast switching RF driving signal, pointing out the dependence on
the size of the laser beam inside the AOD.

Chapter 5 is dedicated to the generation of arrays of optical tweezers. After
having verified the magnification properties of the imaging setup by using simple
linear arrays, I implemented a simple time-averaged array consisting in two sites
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in diagonal configuration. The technique produces a set of additional spots that
we call ghost spots or simply ghosts that are consequence of transient effects tak-
ing place during the switching between a pair of different frequencies in the RF
signal. I carried out additional simulations to determine the range of U and v
parameters over which the ghost spots are capable to trap the atoms and com-
pared it to the results obtained in chapter 3 for an “ordinary” time-averaged op-
tical tweezer. The results are not promising, as there are only small regions of
parameters over which the atoms are trapped in the ordinary spots and are unaf-
fected by ghost spots and there is a strong dependence on the initial conditions of
the atomic motion. For this reason, the time-averaged technique needs a further
investigation, spanning several different combination of parameters in the phase
space of the problem, to find out if a universal set of parameters can be found to
produce an efficient trapping in the tweezer spots while losing the atoms in the
ghosts.

The characterizations and predictions obtained in this thesis about the gen-
eration and manipulation of optical tweezers for trapping Strontium atoms will
be important in the experimental realization of the system. In particular, I veri-
fied that the features of the pair of AODs are suitable for the direct implement-
ation of 1D and 2D optical tweezer arrays. Moreover, the results of the simula-
tions from chapter 3 represent a good starting point for the implementation of
rearrangement procedures, that will be important especially when considering
large tweezers arrays generated via other kind of devices (e.g. Spatial Light Mod-
ulators). For small-sized arrays, instead, the time-averaged trapping technique
could offer the possibility to generate and rearrange the array of optical tweezers
using a pair of AODs. This technique will be tested on the atomic sample directly
in order to verify its range of applicability.
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